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Abstract
High visible light transmittance (1 − x)(K0.5Na0.5)NbO3−xSr(In0.5Nb0.5)O3 (KNN−xSIN, x = 0.05, 0.10, 0.15, 0.20, 0.25) 
lead-free ceramics with excellent electrical properties were synthesized by traditional solid-state method. The effects of 
Sr(In0.5Nb0.5)O3 doping on the optical properties, microstructure, and electrical performance were analyzed. The results 
showed that light transmission in KNN−xSIN ceramics was induced by the dense and fine-grain microstructure, the high 
symmetry of the pseudo-cubic structure as well as typical relaxor behavior of KNN−0.25SIN ceramic. Moreover, KNN−xSIN 
transparent ceramics with relaxor characteristics possessed permittivity stability over a wide temperature range. Ferroelectric 
properties were deteriorated gradually with increasing SIN content in virtue of the strengthened relaxor behavior. Its energy 
storage property was also tailored by the increasing relaxor characteristic. The appearance of a non-Debye type of relaxation 
was detected through an impedance Cole–Cole plots.

1 Introduction

Transparent electronic ceramic is a new type of materials 
with excellent optical and electrical performance, which 
is extensively applied in modern information technology, 
future optical computer technology, and advanced control 
technology [1–3]. Among them, the most representative 
one is (Pb, La)(Zr, Ti)O3 (PLZT) transparent ferroelectric 
ceramics fabricated by a hot-pressing process in 1972 [4], 
which not only has high transmittance, but also possesses 
piezoelectric and ferroelectric characteristics after being 
poled, and has many electrical and optical applications, 
such as light modulator and multifunction compact devices 
[5, 6]. However, PLZT ceramics containing high content 

of hazardous substances have been prohibited due to the 
increasing healthy and environmental concerns. So it is of 
great importance to develop new lead-free transparent elec-
tronic ceramics.

Since the discussion of optical characteristics in 
0.8(K0.5Na0.5)NbO3−0.2SrTiO3 ceramics emerged in 2004 
[7], a large and growing body of literatures have focused 
on the KNN-based transparent ceramics. Li et al. employed 
a hot-pressing method to fabricate  K0.48Na0.52Nb1−xBixO3 
ceramics with 80% transmittance at 4000  nm [8]. The 
 (K0.5Na0.5)0.95Li0.05Nb0.95Bi0.05O3 transparent ceramics fabri-
cated by hot-pressing sintering had 60% transmittance in the 
near-IR region [9]. However, the high cost of hot-pressing 
sintering method is not suitable for industrial applications. 
The crystal symmetry is a crucial issue that has a vital influ-
ence on the optical properties of ceramics. It is discovered 
that a quantity of transparent ceramics with excellent trans-
mittance possess high symmetry cubic phase as a result of 
the weakness of light scattering. Nevertheless, the ferroelec-
tric properties of ferroelectric ceramics mainly stem from 
the lower symmetry of the crystal structure, which means 
that it is arduous to acquire the ferroelectric ceramics with 
optimal transmittance simultaneously. So study on the excel-
lent electrical properties of ferroelectric ceramics with high 
transmittance becomes necessary. For the investigation of 
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KNN-based ceramics, ion substitution method is used to 
solve the above contradiction. The replacement of aliova-
lent ions at A-site could enhance the electrical properties 
of KNN-based ceramics due to the diverse defect structure 
[10–12]. Besides, aliovalent ions also can be adopted to 
regulate its electrical properties by shaping point defects at 
B-site [13–15]. According to the above analysis, here, we 
investigate a new (1 − x)(K0.5Na0.5)NbO3−xSr(In0.5Nb0.5)
O3 lead-free transparent ceramic by traditional solid-phase 
sintering route, which possesses both high transmittance and 
excellent electrical properties simultaneously.

Introducing other solid solution into KNN-based lead-
free ceramics can contribute to relaxor behavior and thus 
become a crucial issue to achieve excellent optical perfor-
mance [9, 16, 17]. Analogous to the Pb(In0.5Nb0.5)O3-based 
perovskite type ferroelectric ceramics with relaxor behav-
ior, here, Sr(In0.5Nb0.5)O3 was selected and added into KNN 
ceramics to form the relaxor behavior [18, 19]. Besides, the 
valence and ionic radius of  Sr2+ (1.18 Å) are different from 
those of  (K0.5Na0.5)+ (1.2 Å) in A-site cations. A similar case 
also exists in B-site cations, where  In3+ (0.8 Å) and  Nb5+ 
(0.64 Å) also possess distinct valence and radii. The imbal-
anced valence and different radii in A/B-sites cations can 
form the locally distorted crystal lattice, which contributes 
to the polar nanoregions (PNRs) related to the relaxation 
behavior of ferroelectrics [1]. The objective of this work, 
therefore, is to explore the effect of SIN level on the micro-
structure, optical, and electrical behaviors of KNN−xSIN 
ceramics, which is beneficial to constructing the desirable 
electrical properties with a high visible light transmittance 
in KNN-based lead-free ceramics.

2  Experimental

Na2CO3 (99.80%),  K2CO3 (99.00%),  Nb2O5 (99.95%), 
 SrCO3 (99.99%), and  In2O3 (99.99%) were used to fabri-
cate KNN−xSIN transparent ceramics by conventional 
solid phase approach. The powders, mixed with ethanol 
as media, were ball-milled drastically for 24 h. The dried 

powders were calcined at 950 °C for 5 h and then calcined 
at the same condition again after being ground evenly. The 
calcined powders were pressed into disks with a diameter 
of 13 mm under 10 MPa. The green bodies, surrounded by 
some calcined powders as sintering atmosphere, were sin-
tered at 1200–1270 °C for 5 h in double sealed alumina 
crucibles. Finally, the obtained samples were polished to 
0.5 mm thickness.

The crystalline structure was recorded by X-ray diffrac-
tion (XRD, Bruker, Germany). The microstructure was 
observed by field-emission scanning electron microscopy 
(FESEM, quanta 450 FEG, FEI). The transmittance was 
detected via UV–Vis spectrophotometer (UV-6100, Metash, 
China). An impedance analyzer (4294A, Agilent) was used 
to determinate the dielectric properties, and it was also used 
to measure the temperature dependent impedance spectrum 
from 40 Hz to 1 MHz. Dielectric-temperature spectra of 
high (25–450 °C) and low (− 75 to 200 °C) temperatures are 
tested separately because the equipment uses different test 
fixtures. Hysteresis loops (P–E) were tested by ferroelectric 
materials measurement system (P-PMF, Radiant).

3  Results and discussion

Figure  1a presents the optical transmittance (T) of 
KNN−xSIN ceramics, and the optimal photograph of 
KNN−0.25SIN ceramic is displayed in Fig. 1b. As shown 
in Fig. 1a, the SIN content makes a significant effect on 
the transmittance of KNN−xSIN ceramics, and its transmit-
tance increases gradually when the SIN content rises from 
0.05 to 0.25 in the measured wavelength region. It also can 
be seen from Fig. 1a that the KNN−0.25SIN composition 
illustrates higher transmittance. Its transmittance in the 
visible spectra exceeds 40%, and reaches 66% at 1100 nm. 
It was estimated that the optical transparency can be opti-
mized by optical-grade polishing in the visible light range 
[9, 20]. If the reflection loss existing at the interface between 
air and ceramics can be weakened through the appropri-
ate component, the optical transparency of the KNN−SIN 

Fig. 1  a Optical transmis-
sion characteristics of the 
KNN−xSIN ceramics, b pho-
tograph of the KNN−0.25SIN 
ceramic
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ceramics will be promoted even more [21]. As displayed 
in Fig. 1b, the tagged symbol under the optimal sample for 
KNN−0.25SIN ceramic can be viewed distinctly, suggest-
ing that this optimal composition has the best transmittance 
within the measurement range.

Further analysis indicates that the transmittance is close 
to zero at 400 nm or below, implying that high absorp-
tion existed in the short wavelength range is related to the 
inter-band gap energy [22]. The calculated optical band gap 
energy (Eg) is based on the absorption spectra according 
to the Tauc equation [23]. The correlation between Eg and 
absorption coefficient α can be induced by the following 
Eq. (1):

where ν, h correspond to photon frequency and Planck’s 
constant, respectively. A is a constant. In addition, α could 
be obtained according to the Eq. (2):

where t and T are the thickness and transmittance of the 
tested samples, respectively. Figure 2 shows the plots of 
(αhν)2 versus hν, and the interception arising from the 
outstretched linear part of the curve to zero represents Eg, 
as described in reference [24]. It is apparent that Eg var-
ies significantly from 2.33 to 3.22 eV, suggesting that SIN 
doping exerts a strong influence on the band gap energy 
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of the KNN−xSIN ceramics. As shown in Fig. 2f, the Eg 
fluctuates around 2.5 eV with the increasing of SIN, and 
KNN−0.25SIN ceramic achieves the biggest value of 
3.22 eV finally. Such result is far greater than that of other 
KNN-based transparent ceramics [25–28]. The band gap 
energy of KNN-based transparent ceramics is confirmed by 
the electron occupied state of  NbO6 octahedral, that is the 
transition from the  O2p electron at the top valence bands to 
the  Nb4d states occupied at the bottom of conduction bands 
[17, 29]. Moreover, according to these references [17, 30], 
the introducing of  Sr2+ cations expands the band gap.

The optical transmittance can also be determined by 
crystal structure. Generally speaking, because of its single 
refractive index, the obtained ceramics with a cubic-like per-
ovskite structure display better optical transmittance. Thus, 
when incident light passes through the grain boundaries of 
the crystal with an isotropic lattice structure, the scattering 
intensity of incident light would be attenuated [1]. Figure 3a 
shows the XRD diffraction patterns of KNN−xSIN ceramics. 
With the increase of SIN content, KNN−xSIN ceramics all 
show pure perovskite structure without any other miscellane-
ous peaks, meaning that SIN is thoroughly dissolved into the 
lattice of KNN matrix, and thus a new perovskite-type solid 
solution of KNN−xSIN ceramics is achieved. Furthermore, 
the phase structure characterizes the pseudo-cubic phase for 
KNN−xSIN ceramics without marked variation, which can 
be demonstrated by the no-split (200) peak from 44.5° to 
46.5°, as exhibited in Fig. 3b [21]. The anisotropy of the 
samples with high symmetrical pseudo-cubic phase structure 

Fig. 2  a–e Plots of (αhν)2 versus hν, and f energy band gap Eg for the KNN−xSIN ceramics
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was at the modest degree, resulting in smaller light scatter-
ing as well as the enhancement of the optical transmittance. 
Gradually, the (200) peak shifts toward the lower angle 
direction, which indicates an increasing lattice parameter. 
The difference of the cations radius between the bigger  In3+ 
(0.8 Å) and smaller  Nb5+ (0.64 Å) at B-site may be obligated 
to the cell lattice expansion.

Figure  4a, b show the SEM photographs of 
KNN−0.25SIN powder and ceramic samples, respectively. 
It can be seen from Fig. 4a that the powder has sub-micron 
size about 200 nm, high specific surface area and regular 
spherical soft agglomeration morphology, which indicates 
the good fluidity and high sintering activity of powder. The 
powder has no obvious reunion phenomenon, and good 
dispersion is propitious to the sintering of the green body 
and reducing the pores of the ceramics. Figure 4b shows 
the typical SEM micrograph of KNN−0.25SIN ceramic, 
which exhibits dense microstructures with ignorable pores, 
submicron fine grains, and cubic-like morphology grains. 
As we know, grain microstructure and porosity controlling 
the uniformity of microstructure, are commonly believed to 
be the vital factors affecting the transparency of ceramics 
[20]. In addition, the calculated average grain size is about 
0.36 µm. As the Tyndall effect goes that much smaller grain 

size is hard to produce severe scattering and reflection phe-
nomena [2].

Figure  5 demonstrates temperature dependence of 
dielectric properties for KNN−xSIN ceramics at 1 kHz, 
10 kHz and 100 kHz. It can be seen that increasing SIN 
solid solution content can reduce dielectric constant. In 
the low-temperature region, the dielectric constant has a 
certain degree of dependence on the frequency, indicating 
that the KNN−xSIN ceramics have the characteristics of 
frequency dispersion. As the temperature rises, frequency 
dependence of dielectric constant becomes less obvious. The 
dielectric constant curves overlap finally with SIN content 
increasing, indicating that the dependence of KNN−xSIN 
ceramics on frequency is weakened. Dielectric loss exhibits 
opposite characteristics to frequency. Due to space charge 
polarization, dielectric loss increases sharply at higher 
temperatures, which can be illustrated by Shockley–Read 
mechanism [31–33]. Moreover, the existing of the diffuse 
phase transition feature can be determined by shifting of 
maximum permittivity temperature (Tm) towards low-tem-
perature direction and broaden peaks with increasing SIN 
content. The relaxor characteristics of dielectric permittivity, 
which are consisted of the synchronous diffuse phase transi-
tion and frequency dispersion, illustrate that KNN−xSIN 
ceramics are of typical relaxor ferroelectrics materials. Qu 
et al. reported that the relaxor behavior is derived from local 
distortion of the lattice in relaxor ferroelectrics, account-
ing for the generation of polar nanoregions (PNRs) [1]. A 
surge of PNRs will lead to the formation of the pseudo-
cubic structure and reduces the optical anisotropy of crys-
tal, which can weaken the scattering of light when the light 
travels through the grain boundaries, and thus ferroelectric 
ceramics with relaxor behavior have optimal optical trans-
parency. Specifically, dielectric properties of KNN−xSIN 
ceramics (0.10 ≤ x ≤ 0.20) exhibit temperature stability from 
− 50 to 200 °C. The temperature coefficient of permittivity 
(TCε) can be calculated by the relative dielectric constant 
data of the corresponding composition at 1 kHz [34]. In 
order to obtain the best performance of the high-temperature 
capacitor, the ideal TCε is anticipated to be zero. Here, TCε 
for KNN−0.10SIN, KNN−0.15SIN and KNN−0.20SIN 

Fig. 3  XRD patterns of KNN−xSIN ceramics

Fig. 4  The microscope pho-
tographs of a KNN−0.25SIN 
calcined powder and b 
KNN−0.25SIN ceramic
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ceramics was determined to be on the order of − 96 ppm/°C, 
277 ppm/°C and 133 ppm/°C, respectively.

Based on the above comprehensive analysis, it can be 
concluded that KNN−xSIN ceramics with high density, 

uniformly refined grain, the high symmetric pseudo-cubic 
structure as well as relaxor characteristics have excellent 
optical performance. Nevertheless, the relaxor characteris-
tics do not contribute to the improvement of ferroelectric 

Fig. 5  Temperature dependence 
of the dielectric constant (εr) 
and dielectric loss (tan δ) for 
KNN−xSIN ceramics
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properties. Figure 6a shows the P–E hysteresis loop of 
KNN−xSIN transparent ceramics measured at 1 Hz and 
ambient temperature. Obviously, the P–E loops gradually 
become slimmer as the amount of SIN increases. As dem-
onstrated in Fig. 6b, an apparently reduced ferroelectrics 
parameters, i.e. maximum polarization (Pmax = 3.97 µC/
cm2), remnant polarization (Pr = 0.51  µC/cm2), and 
coercive field (Ec = 8.86 kV/cm), were originated from 
KNN−0.25SIN ceramic (for KNN−0.05SIN, Pmax = 24.53 
µC/cm2, Pr = 9.32 µC/cm2, Ec = 13.1 kV/cm), implying that 
the degradation of ferroelectric properties is serious, which 
is due to the gradually strengthened relaxor characteris-
tic that leads to an increasing symmetry of crystals with 
pseudo-cubic structure.

For the relaxor ferroelectrics, the energy storage density 
can be determined by the P–E loops according to the inte-
gral equation [35]. The dependence of the energy storage 
density and direct current (DC) breakdown electric field of 
KNN−xSIN ceramic on the SIN doping content is shown 
in Fig. 6c. Visibly, the energy storage density goes up ini-
tially and decreases later. The energy storage density reaches 
a maximum of 0.36 J/cm3 for KNN−0.10SIN ceramic at 
70 kV/cm. The relatively low energy storage density may 
be attributed to the gradually increasing relaxor character-
istic that causes a smaller difference between Pmax and Pr 
with the addition of SIN. DC breakdown strength of the 
ceramics rises linearly as a function of SIN content. The 
KNN−0.25SIN ceramic reaches the maximum value as high 
as 290 kV/cm eventually. High DC breakdown strength can 
be induced by smaller grain size and dense microstructure, 
which is conducive to the excellent energy storage charac-
teristics of KNN-based transparent ceramics.

Figure  7 shows the impedance spectroscopy of 
KNN−0.25SIN ceramic at temperatures ranging from 100 
to 500 °C. As the temperature rises, the Cole–Cole curves 
have a straight line that gradually turns into a semicircu-
lar shape. The radius of the semicircle decreases, and its 

center also deviates from the real axis, which means that 
KKN−0.25SIN ceramic exhibits non-Debye relaxation 
[36, 37]. The radius of the semicircle usually represents 
the resistance of the ceramics samples. When the tem-
perature rises, the resistance of ceramic decreases, indicat-
ing a negative temperature coefficient resistance (NTCR) 
behavior exists in the high-temperature region. In particu-
lar, when the temperature increases to 450 °C, only single 
semicircular arc can be observed, which is the result of 
the bulk response [17, 38]. The magnitude of the resist-
ance can be obtained according to the intercept between 
the semi-circle and the real axis, the resistance value at 
450 °C is about 42,000 Ω. As the temperature further rises 
to 500 °C, the spectrum comprises two semicircular arcs 
corresponding to grain and grain boundary contributions, 
which can be equivalent to a cascading two parallel RC 
circuits [38]. Thus, it is possible that the grain and grain 
boundary effect arising concurrently might be associated 
with the variation in crystal structure regulated primarily 
by the thermal state of the sample.

Fig. 6  a P–E loops, b the variation of Pmax, Pr, and Ec, c SIN content dependence of energy storage density and DC breakdown voltage for 
KNN−xSIN ceramics

Fig. 7  Impedance spectra of the KNN−0.25SIN ceramic
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4  Conclusions

In this work, KNN−xSIN transparent ceramics with high 
optical transmittance and better electrical properties have 
been fabricated by conventional solid-phase route. The 
effects of SIN doping concentration on the multifunctional 
properties of the KNN−xSIN were examined. The results 
indicated that the transmittance of the KNN−xSIN ceram-
ics was associated with the symmetric pseudo-cubic struc-
ture, fined-grains as well as strengthened relaxor behavior. 
KNN−0.25SIN ceramic obtained a high visible light trans-
mittance of more than 40%. KNN−xSIN ceramics were of 
typical relaxor ferroelectrics with enhanced temperature 
stability of dielectric properties. P–E loops displayed rep-
resentative relaxor features accompanied by the energy 
storage density of 0.36 J/cm3. High DC breakdown strength 
of 290 kV/cm implied that a further improvement could 
be made on the energy storage performance. In addition, 
KNN−0.25SIN ceramic exhibited non-Debye type relaxa-
tion mechanism and NTCR phenomenon with increasing the 
temperature. The aforementioned effects of microstructure, 
dielectric, ferroelectric and transparency properties on the 
KNN−xSIN ceramics could provide guidelines to develop 
the KNN-based transparent electronic ceramics.
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