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Considering the environment and human health, highly transparent lead-free (1 — x)KgsNagsNbO3z—
xCa(Zny3Nby,3)O3 (abbreviated as KNN-xCZN) piezoceramics were synthesized by a solid state reaction
method. The effects of Ca(ZnyzNb,/5)Os on the microstructures, phase structures, characteristic
frequency and electrical properties were investigated. Fine grain and relaxor-like behaviors were
obtained, and the Ca(Zn;;3Nb,,3)O3 also increased the crystal structure of the ceramics transformation
from orthorhombic to pseudo-cubic. It was found that the highest transmittance of 70.42% (with
a thickness of 0.5 mm in the visible spectrum) was obtained for the KNN-xCZN ceramics at x = 0.07,
which was due to the high relative density, low apparent porosity, uniform and fine-grained

microstructures, high symmetry of the pseudo-cubic structure, NbOg octahedron reduced distortion and
Received 10th April 2017

Accepted 5th May 2017 more relaxor-like behavior. In addition, the transparent piezoelectric ceramics KNN-xCZN with x = 0.07

possessed high transmittance (~84% at near-infrared wavelengths) and excellent electrical properties
(e, = 1162, dz3 = 102 pC N71). All of the above demonstrated that the KNN-xCZN ceramics could be
promising lead-free transparent piezoceramics.
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piezoelectric ceramics with high transmittance is in demand.
Two methods are mainly used to solve this issue: one is ion

Introduction

Transparent lead-free piezoceramics are a new type of impor-
tant environmentally friendly functional material, which are
fiercely competitive in the international material field."* They
are highly likely to be the key material for light, computer and
electronic information technologies and national defense
military applications in the future.*” In addition, most trans-
parent piezoelectric ceramics could be used for energy storage.®

After the discovery of transparency in 0.8(KosNao 5)NbO;-
—0.2SrTiO; ceramics was reported by Malic et al. in 2004,°
Ko.5Nay sNbO; lead-free transparent piezoelectric materials
have attracted the attention of many researchers (the develop-
ment is shown in Fig. 1). These research results indicate that
Ko.5Na, sNbO; lead-free materials are expected to replace lead-
based ceramics in terms of the transparent characteristic.
However, the transmittance conflicts with the piezoelectric
properties since these properties of piezoelectric ceramics
originate from the asymmetry of the crystal structure. As
a consequence and in theory, there is difficulty obtaining high
transmittance due to the crystal structure in piezoelectric
ceramics. So research on the excellent performance of
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substitution modification and the other is advanced technolo-
gies. The influence of the latter on property enhancement is
limited due to the high cost.>**

A previous study showed that the substitution of some alio-
valent ions at the A site could promote the piezoelectric prop-
erties of KNN materials because of the different defect structure
and improvement of the microstructure.””™* For example, an
extra electron (e”) can be easily generated for keeping the
valence balance when Ba>" is used to replace the A site of KNN-
based materials (see eqn (1)).*
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Fig. 1 The development of KNN-based transparent ceramics.
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At the same time, the K" vacancy is formed due to the
evaporation of K' during processing and preparation,*® as
shown in eqn (2).

Vg =V +h* (2)

The vacancy and electron would be easily recombined and
eliminated during processing, which results in increasing
resistivity. In addition, aliovalent metals are often used to tailor
the electrical properties of KNN materials by forming point
defects'?° at the Nb site. It is usually accepted that the defect
dipoles formed by the acceptor dopants for charge balance will
prohibit domain-wall motion and Cu-modified KNN systems
have been extensively studied.**>*

Ca and Ba are in the same main group and Zn and Cu are in
the same period, also Na* (1.02 A) and Nb°®* (0.64 A) would tend
to be replaced by Ca®" (1.00 A) and Zn** (0.74 A), respectively,
due to their similar radii. Therefore, in the ABO; perovskite
structure, Ca®" and Zn>" are suitable for being introduced to the
A and B sites, respectively.

Here, considering the above factors, Ca(Zn,;3Nb,/;3)O; was
doped in the KNN ceramics, and the effects of the concentration
of Ca(Zn,;3Nb,/3)O3, x, on the microstructures, phase structures,
optical properties and electrical properties have been investi-
gated in detail. Furthermore, KNN-xCZN ceramics were fabri-
cated by a pressureless ceramics processing procedure and the
transparent mechanism was also discussed in this work.

Results and discussion

Fig. 2 shows the transparency of the (1 — x)KNN-xCZN (x = 0.03,
0.05, 0.06, 0.07, 0.08, 0.10) ceramics. The thickness of the
samples is 0.5 mm. The optical transmittance (7) of 0.93KNN-
0.07CZN is shown in Fig. 2(a), indicating that the transmission
is close to 80% at near-infrared wavelengths and about 70% in
the visible region. The photographs of the highly transparent
0.93KNN-0.07CZN ceramics are shown in the inset of Fig. 2(a).
In the photographs, the lake, flowers and buildings can be easily
seen through the samples. The optical transmittance of (1 — x)
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KNN-xCZN for light at wavelengths 1064 nm and 780 nm can be
attained from Fig. 2(b). The letters behind the (1 — x)KNN-xCZN
(x = 0.03, 0.05, 0.06, 0.07, 0.08, 0.10) ceramics can be clearly
read, suggesting that the samples have novel transparencies in
the visible region, which is shown in the photograph of the 0.5
mm-thick ceramics in the inset of Fig. 2(b). Moreover, as is
observed from Fig. 2(b), with x increasing from 0.03 to 0.10, the
transmittance first increases and then decreases and the
maximum optical transmittance appears at x = 0.07. The high
transparency of the 0.93KNN-0.07CZN ceramics could be
attributed to the small grain size (mean size is close to 200 nm),
low porosity, crystal structure and relaxor behavior. These
results will be discussed in a later section.

In addition, the transmittance decreases gradually to near
zero at 400 nm and below. This can be attributed to the inter-
band transition according to the results reported by Zhao Wang
et al.>® The optical band gap energy (E,) is very critical to the
optical characteristics study, which can be estimated from the
absorption spectra according to the Tauc equation.”® As for the
direct transition, the relationship of Ej, » (photon frequency), 2
(4.1357 x 10~ eV, Planck’ constant), and A (a constant) is
given as:

(ahv)* = A(hw — Eg) (3)

The photon frequency » and absorption coefficient « can be
calculated by the given formulas:

V=g (4)

o= % In (%) (5)

where ¢, 4, t and T are the speed of light (3 x 10° m s™), test
wavelength, thickness of the samples and transmittance,
respectively. As a result, E, could be attained by plotting (ehv)?
versus hv and extrapolating the linear part of the curve to zero, as
exhibited in Fig. 3(a) and (b).

The band gap E, of (1 — x)KNN-xCZN ceramics (x = 0.05,
0.06, 0.07 and 0.08) was obtained from the curve in the inset of
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Fig. 2 Transmission spectra of the (1 — x)KNN-xCZN ceramics. (a) Transmittance of the 0.93KNN-0.07CZN specimen and the photographs in
the inset and (b) the optical transmittance of (1 — x)KNN—-xCZN for light at wavelengths 1064 nm and 780 nm, and the photographs (the
specimens with x = 0.03, 0.05, 0.06, 0.07, 0.08, 0.10 from left to right above the letters) in the inset. The thickness of the samples is 0.5 mm.
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Fig. 3 (aand b) Plot of (ahw)? versus hv for the (1 — X KNN—-xCZN ceramics. The insets show the photo energy hv ranges of 2.0-3.3 eV and 2.5—
3.3 eV, respectively. (c) The band gap energy Eg of (1 — x)KNN-xCZN ceramics.

Fig. 3(a) and (b) (E; = 3.0 eV, 3.05 eV, 3.15 eV and 3.10 eV),
suggesting that the modifier, Ca(Zn,,3Nb,/3)O3, has an obvious
effect on the ceramics band-gap. Fig. 3(c) exhibits the E, of (1 —
x)KNN-xCZN ceramics with different x. The highest E, reaches
3.15 eV when x = 0.07, which is higher than the value (3.09 eV)
of the highest transmittance in (Ko 5sNag 5)0.95Li0.0sNDb¢.05Bi0.0503
transparent ceramics in previous reports.”’*° Generally, the
larger the E, value, the higher the transparency.”* The reason
can be briefly explained as follows. Electrons can be excited
from the valence band to the conduction band by light only if it
has enough energy. In this process, part of the light is used for
electronic transition, the rest can transmit, scatter and so on.
The large E, value is likely to increase the difficulty of electronic
leaps into the conduction band. When the light source is not
enough to excite the electronic transition, more energy is used
for transmitting, which leads to a higher transparency, while
the light loss is relatively small.

The surface morphology of the KNN-xCZN ceramics with
different concentrations was measured using a scanning elec-
tron microscope (SEM) as shown in Fig. 4. All samples

(particularly the sample of x = 0.07) clearly exhibit dense
microstructures (a low porosity), which is conducive to
enhancing the transmittance (7) of samples. In order to further
identify the influence of CZN concentration on the grain size
distribution and relative density, the columnar maps of the
grain size distribution and the line charts of the mean size and
relative density are shown in Fig. 5. When increasing the
Ca(Zn;;3Nb,;3)O; content, the mean grain sizes (which were
calculated on the basis of the grain size distribution) of the (1 —
x)KNN-xCZN ceramics decrease and then increase after reach-
ing a minimum at x = 0.07. The changing tendency of the
relative density is opposite to that of the average grain sizes, as
shown in Fig. 5(b). The average grain sizes of the (1 — x)KNN-
xCZN specimens are 265.8, 236.2, 207.5, 195.1, 201.2 and
204.9 nm for x = 0.03, 0.05, 0.06, 0.07, 0.08 and 0.10, respec-
tively. The relative densities are 93.1, 95.3, 96.6, 98.3, 97.5 and
96.7% for x = 0.03, 0.05, 0.06, 0.07, 0.08 and 0.10, respectively.
The optical transmittances of (1 — x)KNN-xCZN in the visible
region (shown in Fig. 2 at 780 nm) are 50.2, 58.3, 61.5, 70.4, 66.2
and 63.0 for x = 0.03, 0.05, 0.06, 0.07, 0.08 and 0.10,

Fig. 4

28430 | RSC Adv., 2017, 7, 28428-28437

SEM images of the natural surface microstructures of the (1 — x)KNN-xCZN ceramics.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Grain size distribution of the (1 — x)KNN-xCZN samples. (b) Dependence of the mean size and the relative density on the

composition x.

respectively. Hence it can be deduced that a smaller and well-
distributed grain is an important factor in transparency, as
these grains are too small to cause serious scattering and
reflection according to the Tyndall effect.*’ In addition, the high
density (low porosity) microstructure also plays a crucial role in
obtaining the high transparency, due to the high scattering of
pores.”*

Fig. 6(a) shows the characteristics of the XRD patterns, from
which the pure perovskite phase of the ceramics for x = 0.03-
0.10 can be observed. It could be concluded that CZN
completely diffused into the KNN lattice and the KNN-xCZN
ceramics of the perovskite-type solid solution were obtained.
Moreover, Fig. 6(b) shows the split (200) peak between 44° and

This journal is © The Royal Society of Chemistry 2017

47°, from which the changes of the phase structure between x =
0.06-0.07 can be seen. The (202)/(020) peak splitting charac-
terizes the orthorhombic phase and the single (200) peak
characterizes the pseudo-cubic phase at about 45.5°.*" As can be
seen from Fig. 6(b), the split (202)/(020) peaks faded away with
the increasing CZN concentration, demonstrating that the
crystal structure of the KNN-xCZN ceramics has orthorhombic
symmetry at x = 0.03, 0.05 and 0.06, and a pseudo-cubic phase
at x = 0.07, 0.08 and 0.10.® The interpretation is based on
a conventional structure model and no attempts are made to
take into account the presence of any intermediate phase. Then
it can be concluded that the phase transition from ortho-
rhombic to pseudo-cubic symmetry was caused by the

RSC Adv., 2017, 7, 28428-28437 | 28431
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Fig. 6 (a) XRD patterns of the (1 — x)KNN-xCZN ceramics. (b) The amplified XRD patterns at 20 = 44-47° of the (1 — x)KNN-xCZN ceramics.

increasing CZN concentration. The ceramics of symmetrical
pseudo-cubic phase have minimal optical anisotropy, which
leads to a decrease of the light scattering and increase of the
optical transmittance.

To further confirm the effect of CZN concentration on the
lattice parameters of the KNN-xCZN samples, the lattice
constants of the (1 — x)KNN-xCZN ceramics with different CZN
concentration are shown in Fig. 7. For the (1 — x)KNN-xCZN
ceramics, the calcium ion has a different valence from the
potassium and sodium ions. Besides, the phase transition and
structural framework are distorted by the zinc and niobium
ions. The dielectric spectra (Fig. 9) can further confirm the
interpretation. Moreover, the least squares method is used to
calculate the lattice parameters of a, b, and ¢ from the XRD data.
The values of A(a — b) and A(b — ¢) become smaller with
increasing x from 0.03 to 0.10, which further demonstrates that
the phase structure evolves from the orthorhombic to pseudo-
cubic phase at room temperature. Furthermore, the value of
a/c at x = 0.07 is closer to 1. It is reasonable to conclude that the
crystal symmetry of KNN-xCZN ceramics improves with
increasing x from 0.03 to 0.10, which is an obviously important
segmental reason for the excellent transmittance.

Raman spectroscopy is an effective method to identify the
changes of the composition and crystal structure of the KNN-
based systems, even for small distortions of the crystal
lattice.**** Fig. 8 shows the Raman spectra of KNN-xCZN
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Fig. 7 The lattice parameters of the KNN-xCZN ceramics.
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measured at room temperature. The main vibration modes (V;-
V;) are correlative with the NbOg octahedron. The peaks below
200 cm ™~ " are consistent with the translational mode of the K*/
Na' translation and the rotations of the NbOg octahedron.**
Fig. 8(b) demonstrates the fitting results of V; and V, modes
using the Gauss function. The V; mode can be distributed to the
symmetric stretching mode of the NbOg octahedra, which is
consistent with the subtle differences of the Nb-O bond
distances. As a result, the V; mode is susceptive to a slight
change of the phase structure and composition.** Fig. 8(c)
demonstrates that increasing the Ca(Zn,;;3Nb,;3)O; content
leads to the V; mode shifting to a lower frequency for the KNN-
xCZN ceramics. This is due to the distortion of the NbOg octa-
hedron reducing, which results in an increase of the crystal
symmetry. Moreover, the full width at half maximum (FWHM)
of the V; mode can be used to illustrate the degree of relaxor
dispersion. The FWHM of the V; mode with different values of x
is shown in Fig. 8(d). As the concentration of CZN increased
from 0.05 to 0.07, the V; mode became broader, illustrating that
the degree of relaxor dispersion of the KNN-xCZN (x = 0.05-
0.07) ceramics is enhanced. For the relaxor KNN-xCZN ferro-
electric, the reduced light scattering leads to an increase in the
optical transparency.*

Fig. 9 shows the frequency and temperature dependencies of
the dielectric constant and the corresponding loss of the KNN-
xCZN ceramics measured at frequencies of 1 kHz, 100 kHz, and
100 kHz and in the temperature range of 30 °C to 500 °C.
According to Fig. 9(a)-(c), two dielectric peaks can be seen,
representing the phase transitions of the cubic phase to
tetragonal phase and the tetragonal phase to orthorhombic
phase from a high temperature to a low temperature respec-
tively. Fig. 9(d)-(f) show that a single peak is formed from the
two dielectric peaks, which demonstrates that the phase of the
KNN-xCZN ceramics has transformed completely into pseudo-
cubic. This result demonstrates the change of the phase struc-
ture in the KNN-xCZN ceramics with the CZN concentration
increasing at room temperature, which corresponds to the
results of XRD in Fig. 6. The dielectric losses of all specimens
are less than 2% from 0 °C to 250 °C, which is favorable for bulk

This journal is © The Royal Society of Chemistry 2017
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ceramics. Furthermore, the appearance of the diffuse phase
transition (DPT) (in Fig. 9) demonstrates that KNN-xCZN
ceramics have a relaxation ferroelectric behavior.®

Fig. 10 shows the variable frequency impedance spectra
measured at 500 °C to further research the relaxation

mechanisms of the KNN-xCZN ceramics. The ceramics with x =
0.05, 0.06, 0.07 and 0.08 all possess distorted Debye-like semi-
circles, and the intercept at the Z’' axis at low frequency repre-
sents the total resistivity of the samples. It is evident that the
resistivity of the samples initially increases and then decreases
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Fig. 9 Temperature and frequency dependency of dielectric permittivity and the corresponding loss for the (1 — x)KNN-xCZN ceramics.
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with the increasing Ca(Zn,;3Nb,,3)O3; concentration. Markedly,
the maximum resistivity obtained at x = 0.07 is over 1.5 x 107
Q cm at 500 °C. It is highly likely that the highest grain
boundary volume is obtained at x = 0.07 due to it having the
smallest grain size, which led to the largest resistivity.

Complex electric modulus analysis, extensively used in the
dielectric system, could illuminate the relaxation process that
correlated to the conductivity of the ions in the ceramics.’*°
The reciprocal of the complex dielectric constant (¢¥*) is used to
define the complex electric modulus (M*), M* = 1/¢* which is
quantified and calculated by the followed equation,

’
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where M and M” are the real and imaginary parts of the electric
modulus and ¢, and ¢”; are the real and imaginary parts of the
dielectric constants, respectively. Fig. 11(a) and (b) show the M’
and M" of the 0.93KNN-0.07CZN ceramic as a function of the
frequency, respectively, according to eqn (6). Especially,
a relaxation process can be observed clearly where M’ starts
significantly increasing at a higher frequency with increased
temperature. The M is close to zero at low terminal frequency,
which indicates that the electrode polarization can be ignored.
The relaxation process can be clearly observed in Fig. 11 (b),
where the M" peak corresponding to the anomaly in the M
pattern shows the shift with frequency. The frequency range is
less than the frequency of the M” peak, which is related to the
long-range ionic migration, while the frequency region above
the peak suggests that the ions only migrate in short ranges due
to being spatially confined to short-distance hopping.*

The normalized plot of M” versus the frequency is shown in
Fig. 11 (c). These curves, obtained from different temperatures,
overlap into a single curve suggesting a perfect relaxation
process and the other factors can be ignored. The relationship
between the activation energy (E,) related with the relaxation
process, Boltzmann constant (k), absolute temperature (7), and
pre-exponential factor (f;), is given as®

Jmax = fo exp <—%) 7)

—_ x=0.07
& o T=450°C
= 1.5 4 T=480°C
= v T=500°C
Q
&
'T\ 1.0
=)
p—
£ gk
=
0.0

E ,=1.43eV

1.35 1.38 1.41

1000/T(K™1)

1.29 1.32

(a and b) M'and M” of the x = 0.07 ceramics. (c) The normalized plots of M" versus the frequency of the 0.93KNN—-0.07CZN ceramics. (d)

IN(fmax) vs. 1000/T of the x = 0.07 ceramics (signs: the value of E, of 0.93KNN-0.07CZN ceramics).
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According to eqn (7), the activation energy (E,) can be esti-
mated from a straight line plot of In(f,.x) vs. 1000/7. As shown
in Fig. 11(d), the value of E, of the 0.93KNN-0.07CZN ceramics
is 1.43 eV and is obtained from the slope of this fitted straight
line. This indicated that the defects’ (such as the oxygen
vacancies) influence on the property was weak, and the optical
transparency of the KNN-xCZN ceramics was improved.** In
addition, the activation energy of the 0.93KNN-0.07CZN
ceramics is less than half of the band-gap energy (see Fig. 3),
elucidating that the ceramics exhibit extrinsic band-type
conduction.

Fig. 12 (a) shows the relationship between the components,
dielectric properties, and phase structure. It can be clearly
observed that the maximum values of the relative dielectric
permittivity (emax) and the ferroelectric-paraelectric phase
transition temperature (7.) decrease monotonically with the
doping amount of CZN increasing from 0.03 to 0.10. The value
of ey decreases from 1501 to 1338, 1250, 1162, 1102 and 900
and T, decreases from 341 to 258, 184, 170, 116 and 53 °C for the
(1 — x)KNN-xCZN ceramics when x = 0.03, 0.05, 0.06, 0.07, 0.08,
and 0.10, respectively. Fig. 12 (b) shows the relationship
between the components, transmittance, piezoelectric
constant, and the phase structure. It can be clearly seen that the
piezoelectric constant (ds;3) decreases from 131 to 120, 112, 102,
96 and 80 pC N~ when x = 0.03, 0.05, 0.06, 0.07, 0.08, and 0.10,
respectively and the transmittance initially increases and then
decreases with x increasing from 0.03 to 0.10, and when x =
0.07, the sample shows the maximum value. Furthermore, the
green interface diagram (x = 0.06) demonstrates that the phase
structure changes from orthorhombic to pseudo-cubic phase,
which is also indicated in Fig. 6, 7 and 9. These results
demonstrate that the additives of Ca(Zn,,3Nb,/3)O3; enhance the
optical and electrical properties, particularly the piezoelec-
tricity. The reasons are that, as discussed before, the relative
density is high, the apparent porosity is low, the microstruc-
tures are uniform and fine-grained, the crystal structure is

This journal is © The Royal Society of Chemistry 2017

highly symmetrical, and the sample has a relaxor-like behavior,
which are obtained with addition of Ca(Zn,/;;Nb,/;)Os;. The
minimum grain, high symmetrical pseudo-cubic phase, and
relaxor-like behavior were obtained for the sample with x =
0.07, which led to the highest transmittance and excellent
electrical properties. Based on comprehensive consideration,
the 0.93KNN-0.07CZN ceramics can be considered to be
promising lead-free transparent piezoelectric candidates.

Experimental

Synthesis of KNN-xCZN via solid state sintering process

The (1 — x)(Ko.5Nay.5)NbOs;-xCa(Zn,,3Nb,3)0; (x = 0.03, 0.05,
0.06, 0.07, 0.08, 0.10) ceramics in this study were prepared by
the solid state reaction method. The method mainly consisted
of five steps and the detailed method can be found in our
previous literature.* Firstly, the starting materials, including
K,COj;, Na,CO;, Nb,Os5, CaCO;, ZnO of 99.99% purity, were
dried and then weighed to prepare KNN-xCZN with different
values of x according to the stoichiometry followed by milling
for 24 h. Secondly, the mixtures were dried and calcined at
a temperature of 850 °C for 5 h and then the calcined powders
were ball-milled for a second time for 24 h. After drying and
then granulating by adding polyvinyl alcohol, the powders were
pressed into a plate-shape. Finally, these pellets were heated at
500 °C for 2 h in air to remove the adhesive (PVA), and were then
sintered at 1180 °C for 6 h.

Characterization of KNN-xCZN

Most of the characterization methods of KNN-xCZN were the
same as the previous study,* including characterising the phase
structure, density, microstructure, optical transmittance and
dielectric properties. Besides, the Raman spectra (Renishaw,
invia) were recorded for characterizing the crystal structure. An
impedance analyzer (4294A; Agilent Technologies, Santa Clara,
CA) was used to measure the weak-field dielectric responses of

RSC Adv., 2017, 7, 28428-28437 | 28435
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the ceramics at temperatures rising from 30 °C to 500 °C with
a heating rate of 3 °C min~". A quasistatic piezoelectric ds;
meter (ZJ-3d, Institute of Acoustics Academic Sinica, Beijing,
China) was used to measured the piezoelectric coefficient (ds3)
of 1 day-aged samples (after they were polled in silicone oil at 3
kv mm™" for half an hour at 80 °C).

Conclusions

In summary, transparent piezoelectric ceramics with both high
optical transparency and excellent electrical properties have
been successfully synthesized. CZN doping can significantly
affect the microstructure, phase transition, optical properties
and electrical properties. The ceramics with high relative
density, low apparent porosity, and uniform and fine-grained
microstructures were obtained with addition of Ca(Zn,/;;Nb,3)
O;. Moreover, the crystal structure of the ceramics transformed
from orthorhombic to pseudo-cubic at x = 0.06. It is confirmed
that the transparency variation (in the wavelength range of 400-
1600 nm) depended on the microstructure and crystal structure.
In addition, the dielectric and piezoelectric properties of KNN-
xCZN ceramics were also studied to confirm the relationship
between the transparency and relaxor-like behavior. The resis-
tivity of the x = 0.07 ceramics was 1.5 x 10’ Q cm at 500 °C.
These results indicate that (1 — x)KNN-xCZN ceramics could be
a new type of lead-free transparent piezoelectric ceramics.
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