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Abstract. The influence of LiSbO3 on the structure, microstructure, dielectric, ferroelectric and local 
piezoelectric properties of (K0.5Na0.5)NbO3 ceramics has been studied. Changes in unit cell 
parameters correlated with ionic radii changes and high effective local d33 piezoelectric coefficient 
values were observed depending on solid solutions compositions.  

Introduction  
Based on potassium-sodium niobate (K,Na)NbO3 (KNN) perovskite ceramics continue to be 

among the most intensively studied in the last decade because they are among the most promising 
materials for the toxic lead oxide containing materials replacement [1 - 21]. In the KNbO3 – NaNbO3 
system a composition (50/50) comprises a complete solid solution of antiferroelectric NaNbO3 and 
ferroelectric KNbO3 [7]. This composition is close to the MPB between two orthorhombic phases and 
is characterized by two composition-independent phase transitions with temperatures between 
ferroelectric phases near 470 K and between ferroelectric and paraelectric phases at 670 K [22]. 

Piezoelectric properties of materials based on KNN are determined by the ratio of orthorhombic 
(O) and tetragonal (T) phases, so in order to improve piezoelectric response changes in KNN-based 
compositions are necessary in order to shift the transition temperature from orthorhombic to 
tetragonal phase to room temperature [8, 9, 12, 15]. Difficulties in preparation of stoichiometric 
compositions due to the presence of high volatile potassium and sodium oxides and because of the 
narrow sintering temperature interval for KNN-based ceramics comprise particular problems [12 - 
21]. Besides, the formation of oxygen vacancies in nonstoichiometric compounds leads to the 
formation of additional dipoles relaxing in an alternating field and leading to an increase in ionic 
conductivity of the samples [23]. 

In this work, the effects of modification of KNN compositions by perovskite LiSbO3 with Li+ 
dopants in the A-sites and Sb5+ substitutions in the B-sites of perovskite lattice on structure, 
microstructure, dielectric, ferroelectric and local piezoelectric properties of ceramics have been 
studied. In order to improve the sintering of ceramics the samples were additionally modified by small 
amounts of overstoichiometric LiF additives [24].  

Experimental 
Ceramic samples (1-x)(K0.5Na0.5)NbO3 – xLiSbO3 (x=0 - 0.1, with ∆x=0.02) were prepared by the 

solid state reaction method at calcinations temperatures of T1=973 - 1073 K (6 h), and sintering 
temperatures of T2=1273 - 1323 K (2 h). 5 w. % of LiF additives The samples were additionally 
modified by small amounts of LiF additives in order to improve the sintering of ceramics [24].  

Sodium carbonate Na2CO3, potassium carbonate K2CO3, lithium carbonate Li2CO3, Nb2O5, and 
Sb2O5 oxides (“pure” grade), and LiF were used as starting materials. Carbonates were dried at 673 K 
before synthesis in order to remove absorbed water.   
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Phase content and structure parameters of the samples were characterized by the X-ray Diffraction 
method (DRON-3M, Cu-Kα radiation with wavelength λ=1.5405 A, in the 2 theta range of 5 – 80 
degrees). The Second Harmonic Generation (SHG) method was used to study spontaneous 
polarization and phase transitions of the samples (Nd:YAG laser, λ=1.064 µm in the reflection). 
Dielectric measurements were performed with fired silver electrodes on heating with 10 K/min. and 
cooling in the temperature interval of 300 – 1000 K, in the frequency range of 100 Hz – 1 MHz using 
Agilent 4284 A (1 V). Microstructure of the samples was examined by the Scanning Electron 
Microscopy (SEM) method (JEOL YSM-7401F with a JEOL JED-2300 energy dispersive X-ray 
spectrometer system).  

The surface morphology, as-grown domain structure and local piezoelectric hysteresis loops of the 
samples were characterized by the piezoresponse force microscopy (PFM) method using a 
commercial scanning probe microscope MFP-3D (Asylum Research, USA) with Ti/Ir coated 
conductive probes (Asyelec-02, Asylum Research, USA). Before scanning and local switching, the 
inverse optical lever sensitivity (Δ, nm/V) and spring constant (k, N/m) were calibrated using the 
GetReal™ Automated Probe Calibration (Asylum Research, USA). An AC voltage (3 Vpp) was 
superimposed onto a triangular square-stepping wave (f = 0.5 Hz, with writing and reading times  
25 ms, and bias window up to ±30 V) during the remnant piezoelectric hysteresis loops 
measurements. For PFM characterization, the samples were polished using polycrystalline diamond 
with different sizes up to the root mean square roughness of all the samples reached less than 10 nm. 
Effective piezoelectric coefficient (d33 in pm/V) was calculated from PFM phase and PFM amplitude 
hysteresis loops using Igor Pro software version 6.37 (Asylum Research, USA). In this study, all 
measurements were repeated at least 4 times in the different locations of the same sample with strong 
PFM domains contrast. 

Results and Discussion  
Pure samples with perovskite structure were prepared (Figure 1). However, small amounts of 

admixture phase K2Nb8O21 were observed in the X-ray diffraction patterns of the samples with x=0.1.  
Initial KNN samples have typical orthorhombic structure. In samples with x≥0.06 coexistence of 

the orthorhombic and tetragonal phases was revealed at the room temperature (Figures 2, 3) [25]. 
These results are consistent with the results published earlier [26]. Slight shift of the X-Ray diffraction 
peaks to higher angles points to a decrease in the unit cell parameters due to introduction of smaller 
Li+ and Sb5+ cations into A and B-site positions of perovskite lattice, correspondingly. So, the 
observed changes in the unit cell volume of the KNN-based ceramics correlated well with cation 
substitutions. 

Microstructure of the samples is sensitive to both substitutions and sintering conditions as well 
(Figure 4). With increasing sintering temperature enlargement of mean size of grains was observed, 
though mean size of grains decreased with x increasing.    
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Figure 1 - X-Ray diffraction patterns of the samples (1-x)(K0.5Na0.5)NbO3 – xLiSbO3 with x=0.0 

(1), 0.02 (2), 0.04 (3), 0.06 (4), 0.08 (5), 0.10 (6) doped with LiF. 

                             
Figure 2 – Parts of the X-Ray diffraction patterns of the LiF doped samples (1-x)(K0.5Na0.5)NbO3 – 

xLiSbO3 with x=0.0 (1), 0.02 (2), 0.04 (3), 0.06 (4), 0.10 (5). 
                    

  
a) b) 

Figure 3 – Simulation of the X-Ray diffraction peaks of the LiF doped samples  
(1-x)(K0.5Na0.5)NbO3 – xLiSbO3 with x=0.04 (a) and 0.10 (b). 
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a) b) 

  
c) d) 

Figure 4 - Microstructure of the samples with x=0 (a), 0.04 (b), 0.08 (c), 0.10 (d). Bars – 10 µm. 
 

The SHG method measurements confirmed the polar nature of the samples indicating to their 
ferroelectric properties (Figure 5a). Ferroelectric phase transitions marked by steps were revealed by 
the SHG method. With increasing LiSbO3 content, increase in intensity of the SHG signal was 
observed that pointed to an increase in spontaneous polarization of the doped samples (Figure 5b).   
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                                  a)                                                                            b) 
Figure 5 - Temperature dependence of the SHG signal q for the sample with x=0.10 (a); 

concentration dependence of the SHG signal for samples (1-x)(K0.5Na0.5)NbO3 – xLiSbO3 (b). 
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Accordingly, typical of the KNN-based compositions steps near ~ 350 - 400 K and maxima at ~ 
600 – 700 K were revealed in the dielectric permittivity versus temperature curves (Figure 6). Slight 
decrease in temperature of the phase transition to paraelectric phase TC, while a great shift of the 
ferroelectric tetragonal to orthorhombic phase transition to the room temperature were observed in 
the ceramic samples studied. 
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Figure 6 - Temperature dependences of dielectric permittivity ε(T)(a), dielectric loss tanδ(T)(b) and 
lgσ(1000/T)(c) of the samples with x=0.0 (1a-c), 0.02 (2a-c), 0.04 (3a-c), 0.06 (4a-c), 0,08 (5a-c), 
0.10 (6a-c) sintered at T2=1403 K (2 h) measured at frequencies f=100 Hz, 1, 10, 100 kHz, 1 MHz.  

 
Using the piezoresponse force microscopy (PFM) method, surface morphology, domain structures 

and local piezoelectric hysteresis loops of the samples were studied (Figures 7 and 8).  Nucleation of 
single domains occurs under a sharp tip during the PFM testing reflecting development of domains 
and indicating ferroelectric polarization switching on nanoscale. Simultaneous topography and out-
of-plane PFM images showed that the imaged pattern were due to the piezoresponse of the patterns 
[27 - 30]. Complex domain structure consisting of multiple domain patterns was found for ceramics 
studied (Figure 7, top row). To study the effect of the electric field on domain structure, a two square 
areas of 15 µm × 15 µm and 7.5 µm × 7.5 µm (structure “box-in-box”) was scanned under a DC 
voltage of – 30 V and +30 V applying to the cantilever, respectively (Figure 7, middle row). 
Nucleation of single domains occurs under a sharp tip during the PFM testing reflecting development 
of domains and indicating ferroelectric polarization switching on nanoscale. The created domains are 
stable in the time. After 2 hours after the poling process, the PFM contrast of the written domains is 
the same (Figure 7, bottom row). Finally, remnant loops have been received on the samples using 
switching spectroscopy PFM (SS-PFM). Figure 6 shows the remnant d33-VDC piezoelectric hysteresis 
loops of the KNN-based ceramics calculated respectively from remnant PFM amplitude butterfly and 
PFM phase loops. 

The highest effective d33 piezoelectric coefficient values reached 300 pm/V at VDC=30 V in the 
samples with x=0.08 and 0.10 (Figure 8). Enhancement of the piezoelectric d33 value correlate well 
with formation of MPB with coexistence of orthorhombic and tetragonal phases observed (Figures 
3), concentration dependences of spontaneous polarization (Figure 5b) and dielectric permittivity 
values measured at the room temperature (Figure 6).  

Conclusions 
Structure parameters, microstructure, dielectric, ferroelectric and piezoelectric properties of the 

(1-x)(K0.5Na0.5)NbO3 – xLiSbO3 (x=0 - 0.1) ceramics were studied. Slight changes in the unit cell 
volume and temperatures of phase transitions were observed depending on composition and sintering 
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conditions. High values of the effective d33 piezoelectric coefficients ~ 300 pm/V were observed for 
ceramics with x=0.08 and x=0.1 confirming their prospects for development of new efficient 
piezoelectric materials.   
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Figure 7 - Initial domain structure and temporary changes of images of polarized ceramics with x=0 

(a), 0.06 (b), 0.08 (c), 0.10 (d). 
 

 
Figure 8 - Effective d33 values of the samples with x=0 (1), 0.06 (2), 0.08 (3) and 0.10 (4) 

calculated from PFM hysteresis loops for locations with large domain contrast. 
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