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Abstract: Pure K0.5Na0.5NbO3 (KNN) and KNN doped with Li+ (6% mole), La3+ (1.66%, 5%, 6% mole), 
and Ti4+ (10% mole) were prepared by mixture of oxides using high-energy milling and conventional 
solid-state reaction. The effects of the dopant on the physical properties of pure KNN have been 
evaluated based on the structural, ferroelectric, pyroelectric, and dielectric measurements. The XRD 
measurements show that KNN pure sample contains a mixture of monoclinic and orthorhombic 
crystalline phases, with a slightly higher concentration of monoclinic phase. In contrast, all doped 
samples show a higher concentration of the orthorhombic phase, as well as the presence of a 
secondary phase (K6Nb10.8O30), also detected by Raman measurements. The samples with a higher 
concentration of this secondary phase, also present greater dielectric losses and lower values of 
remnant polarization. The dielectric measurements allowed us to detect temperatures of structural 
transitions (orthorhombic–tetragonal, O–T) previous to the ferroelectric–paraelectric transition 
(tetragonal–cubic, T–C), and also in this set of samples, a direct correlation was found between the 
values of remnant polarization and the corresponding pyroelectric signal response.  
Keywords: K0.5Na0.5NbO3 (KNN); lead-free; solid-state reaction; structural properties; pyroelectric 

properties; dielectric properties; Li, La, Ti doping elements 

 

1  Introduction 

Lead-free ceramic systems such as BNT, BT, BCZT, 
and KNN have become attractive materials for a wide 
range of applications in the area of electroceramics 
[1–3], due to their excellent ferroelectric, piezoelectric, 
and pyroelectric properties that characterize them. 
Additionally, lead-free materials are friendly to the 
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environment and of low toxicity to human beings [4–8]. 
Among these systems, KNN has gained attention since 
Saito et al. [9] reported a piezoelectric value of more 
than 416 pC/N. KNN has an ABO3 perovskite-type 
structure and consists of a mixture of solid solutions of 
KNbO3 and NaNbO3, which exhibits dual, ferroelectric 
and antiferroelectric behavior, respectively [10,11].  

Furthermore, unlike PZT which has a morphotropic 
phase limit (MPB), KNN shows a polymorphic phase 
transition (PPT) region, which depends on the 
composition and temperature [12,13]. When the Na/K 
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ratio is 50/50 [14], the KNN shows excellent ferroelectric, 
piezoelectric [15], pyroelectric [16], and dielectric 
properties [17–19] besides having a high ferroelectric– 
paraelectric transition temperature close to 420 ℃, which 
allows its practical use in a wide range of temperature. 
The literature shows several studies related to doping 
of KNN with atoms of Li, Ta, Sr, Ti, etc. [12,20,21] to 
improve the physical properties of KNN, thus obtaining 
similar or even superior values to those reported for PZT.  

From the results obtained by Fuentes et al. [22], it is 
interesting to analyze for this system the effects 
produced by changing the milling method and Li+ 
addition. The purpose of this work is to study the 
physical properties of pure KNN and KNN doped with 
Li+ (6% mole), La3+ (1.66%, 5%, 6% mole), and Ti4+ 
(10% mole). All materials were synthesized by a combined 
method of high-energy milling and conventional method 
of reaction in solid state, using different temperatures 
of sintering (Table 1). The influence that these dopants 
cause in the structural, electrical, dielectric, and 
pyroelectric properties of KNN is analyzed.  

2  Experimental 

Stoichiometric ceramic samples of pure K0.5Na0.5NbO3 
(KNN) and KNN doped with Li+, La3+, and Ti4+ were 
prepared in the following nominal compositions: 
(K0.5Na0.5)0.94Li0.06NbO3 (KNNLi6), (K0.5Na0.5)0.95La0.0166-
NbO3 (KNNLa1.66), [(K0.5Na0.5)0.94Li0.06]0.97La0.01NbO3 

(KNNLi6La1), (K0.5Na0.5)0.9502La0.0166Nb0.992Ti0.01O3 
(KNNLa1.66Ti1), and (K0.5Na0.5)0.85La0.05Nb0.992Ti0.01O3 
(KNNLa5Ti1), using high-energy mechanical milling 
for mixing starting reagents and conventional synthesis 
by solid-state reaction. The precursor materials used 
were powders of K2CO3 (99%, MEYER), Na2CO3 (99.5%, 
JT Baker), Nb2O5 (99.99%, SIGMA-ALDRICH), 
Li2CO3 (99%, SIGMA-ALDRICH), La2O3 (99.9%, 
SIGMA-ALDRICH), and TiO2 (99% SIGMA-ALDRICH). 
The powders were processed in a high-energy mill 
Spex 8000 for 90 min, using zirconium balls of 10.24 
and 4.8 mm in diameter with a 10:1 ratio in weight 
(powders:balls) using nylamid vials. The resultant 
mixture of powders after milling was calcined at 800 ℃ 
for 3 h in the form of 12.7 mm diameter pellets. 
Subsequently, the samples were again grounded for 15 min 
and sieved with a 44 μm mesh. The resulting powders 
were pressed uniaxially at a pressure of 63 MPa to 
obtain cylindrical pellets of 12.7 mm in diameter, 

adding polyvinyl alcohol in 5% by weight of the sample 
as a binder. Finally, the samples were encapsulated in a 
platinum crucible and sintered at different temperatures 
in the range of 1080–1120 ℃ for 2.5 h, according to 
the data reported in Table 1. The density of the samples 
was measured by the Archimedes’ principle. The 
relative density was calculated taking into account the 
theoretical densities of orthorhombic, monoclinic, and 
secondary phases according to the phase concentration 
estimated by XRD analysis in each sample as disp-
layed in Table 2. 

The crystal structure of the samples was determined 
using X-ray diffraction (XRD) using a Rigaku 
Dmax-2100 diffractometer with copper radiation (λ = 
1.5418 Å) and a 2θ sweep in a range of 15°–80°. The 
Raman characterization was done using a Spex 1403 
spectrometer, with a resolution of 1 cm–1, in a range of 
100–1000 cm–1, using a Lexel 95 argon laser and the 
excitation line at 488 nm. Microstructure analysis was 
performed on the fractured surfaces by scanning 
electron microscopy using a Philips model ESEM 
XL30 electronic microscope operating at 25 kV and 
with a current less than 85 μA. For the ferroelectric 
measurements, silver paint was placed on both surfaces 
of the samples and subjected to a thermal treatment at 
300 ℃ for 30 min. The measurements of the hysteresis 
loops as a function of the applied electric field (P–E 
curves) were carried out with RADIANT Technologies 
INC equipment, to which a high-voltage source TReK 
model 609E-6 of 4000 volts was coupled. To evaluate 
the behavior of the pyroelectric response, the ceramic 
samples with silver electrodes were polarized for 30 min 
at 16 kV/cm. The evaluation of the pyroelectric 
properties was carried out in a system for measuring 
photothermal properties, which consists of a 100 mW 
laser diode as a source of illumination and heating. The  

 
Table 1  Sintering temperatures and relative densities 
of the ceramic samples. The theoretical density is 4.64, 
4.54, and 4.57 g/cm3 for the monoclinic (JCPDS 
77-0038), orthorhombic (JCPDS 00-065-0275), and 
secondary phase (K6Nb10.8030, PDF#70-5051), respectively 

Sample Sintering temperature (℃) Relative density ρr (%)

KNN 1100 94.03 

KNNLi6 1080 94.77 

KNNLa1.66 1120 98.82 

KNNLi6La1 1120 98.43 

KNNLa1.66Ti1 1100 96.70 

KNNLa5Ti1 1100 95.80 
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Table 2  Crystal lattice parameters of the crystalline structure of the ceramic samples, obtained by the Rietveld analysis 
Lattice parameters (Å) 

Sample Crystal phase 
a b c β 

Crystal 
phase (%) Crystallite size (nm) 

Monoclinic 7.97 7.86 7.97 90.3 52.39 80.32 
KNN 

Orthorhombic 3.94 5.63 5.64 — 46.85 76.66 
Monoclinic 7.97 7.88 7.93 90.6 15.15 102.1 

Orthorhombic 3.94 5.67 5.66 — 71.75 69.7 KNNLi6 
K6Nb10.8O30 12.58 — 3.95 — 13.09 43.21 
Monoclinic 7.93 7.90 7.96 89.63 15.82 55.92 

Orthorhombic 3.94 5.64 5.66 — 69.81 55.80 KNNLi6La1 
K6Nb10.8O30 12.57 — 3.96 — 14.35 37 .53 

Orthorhombic 3.94 5.60 5.61 — 60.75 25.69 
KNNLa1.66 

K6Nb10.8O30 12.56 — 3.92 — 39.24 26.15 
Orthorhombic 3.97 5.62 5.61 — 89.26 30.25 

KNNLa1.66Ti1 
K6Nb10.8O30 12.53 — 3.96 — 10.73 101.9 

Orthorhombic 3.94 5.61 5.63 — 84.34 31.42 
KNNLa5Ti1 

K6Nb10.8O30 12.57 — 3.93 — 15.65 48.11 
 

radiation in the sample is modulated after going 
through a Stanford Research system model SR540 
mechanical chopper. The sample acts as a pyroelectric 
sensor, and the periodic incidence of the laser produces 
periodic heating of the sample that, in turn, produces 
an AC voltage on the opposite sides of the sample, 
which is recorded in amplitude and phase by an EG&G 
Princetown Applied Research lock-in amplifier. The 
AC voltage, the pyroelectric coefficient, and the 
average temperature of the sample are related by the 
following equation [23,24]: 
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where ω is the frequency of the modulated light, p is 
the pyroelectric coefficient, lp and Tp are the thickness 
and average temperature of the pyroelectric sample 
respectively, and k and ε0 are the dielectric constant 
and the vacuum permittivity respectively. Maintaining 
the power of the incident laser constant in samples 
with a constant thickness, the pyroelectric signal 
obtained in the same frequency range allows us to 
estimate comparatively the behavior of the pyroelectric 
coefficient, which is related with the variation with 
temperature of the spontaneous polarization of the 
sample  s ,/ E Xp P T    maintaining the electric 
field (E) and stress (X) constant [25]. 

The dielectric characterization was made by a 
Keysight E4990A impedance analyzer with a mea-
surement range of 20 Hz–10 MHz, coupled with a 
system of data acquisition and temperature control in a 
cylindrical furnace built in our laboratory. This allows 

measurements of impedance and capacitance as a 
function of temperature in a range from room temperature 
to 500 ℃ at different frequencies. 

3  Results and discussions 

3. 1  Microstructure characterization 

Sintering temperature and relative density of the studied 
samples are shown in Table 1. The XRD patterns for 
all sintered samples are shown in Fig. 1. Comparatively, 
it can be seen that the peaks of KNN correspond 
mostly to the monoclinic phase, whereas in the 
KNNLi6, KNNLi6La1, KNNLa1.66, KNNLa5Ti1, and 
KNNLa1.66Ti1 samples, the majority phase is 
orthorhombic. The two peaks located around 46° for 
the samples KNNLi6 and KNNLi6La1 belong to a 
combination of monoclinic and orthorhombic phases. 
These peaks belong to the planes (400) for the monoclinic 
phase and (022) and (200) for the orthorhombic one 
[22,26,27]. Two reflections are observed in KNN 
(monoclinic + orthorhombic) but only one reflection is 
observed for the orthorhombic phase. It can be seen 
that this reflection of the doped samples undergoes a 
shift as a result of the substitution of the atoms in the 
original cell, which suggests a contraction of the unit 
cell. The formation of the secondary phase is attributed 
to the substitution of the La3+ and Li+ dopant at the site 
occupied by Na+ and K+. This effect might promote the 
volatilization of Na+ more than K+ [28,29], resulting in 
a phase rich in K+, as can be seen in Fig. 1. The peaks 
marked with “*” correspond to a secondary tetragonal 
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Fig. 1  Diffraction patterns of ceramic samples. M and O 
stand for the monoclinic and the orthorhombic phases, 
respectively. 

 
phase identified as potassium, niobium (K6Nb10.8O30) 
[28]. The non-doped KNN sample does not present the 
secondary tetragonal phase K6Nb10.8O30. 

The crystal lattice parameters were determined by 
performing a Rietveld refinement to the X-ray diffraction 
patterns using the MAUD (Materials Analysis Using 
Diffraction) program [30], where the CIF files for 
K0.65Na0.35NbO3, K0.507Na0.537NbO3, and K6Nb10.8O30 
of the monoclinic, orthorhombic, and secondary phase 
structures were used (JCPDS 70-0038, JCPDS 
00-065-0275, JCPDS 70-5051) respectively. Figure 2 
is an example of how the Rietveld refinement was 
made for the KNN sample. The lattice parameters, 
percentage of phase concentration, and crystallite size 
obtained for these phases are shown in Table 2. 

The sample of pure KNN has a slightly higher 
concentration of the monoclinic phase, 52.39% against 
46.85% of the orthorhombic phase. Doping shows 
apparent changes, reversing the concentration of phases,  

 

 
 

Fig. 2  Rietveld refinement of the XRD pattern of the 
pure KNN sample. 

in addition to the appearance of a secondary phase 
K6Nb10.8O30; the KNNLa1.66Ti1 sample shows the 
highest concentration of orthorhombic phase, 89.26% 
and 10.73% of the secondary phase without the 
presence of the monoclinic phase. Also, in general, the 
crystallite size shows a reduction with the doping. 

Figure 3(a) shows the typical Raman vibrations 
corresponding to a perovskite phase [31] for all samples. 
According to the Ross model [32], the KNN modes are 
classified in 6 internal modes of the octahedron NbO6, 
of which, A1g(ν1), Eg(ν2), and T1u(ν3) are associated 
with stretching vibrations, and T1u(ν4), T2g (ν5), and 
F2u(ν6) are bending modes [33]. The internal modes 
ν1(A1g), ν2(Eg), ν4(T1u), ν5(T2g), ν6(T2u), and ν1(A1g)+ν5(T2g) 
of the octahedron NbO6 appear in the range of 194–   
871 cm–1. 

Comparatively, most of the doped samples exhibit 7 
characteristic modes associated with the orthorhombic 
phase [33–35], according to XRD results. Moreover, 
10 Raman bands were observed in spectra of the KNN 
sample (Fig. 3) which is similar to the Raman spectra 
reported, corresponding to the monoclinic phase [36]. 

The Raman spectra of the doped samples (higher 
orthorhombic phase concentration) underwent important 
shifts (Fig. 3(b)) that differ in frequency value concerning 
the KNN spectrum (monoclinic phase) by dopant effect. 

Figure 3(b) shows the present modes, at the frequency 
range of 150–500 cm–1 and 520–700 cm–1 obtained by 
the deconvolution of the experimental spectra. The 
band located at 141 cm–1 for KNN (Fig. 3(a)) is 
attributed to mixed modes [36]. On the other hand, the 
same band is shifted to 152 cm–1 for KNNLi6 due to 
the substitution of Li+ into Na+/K+ sites. KNNLi6 

 

 
 

Fig. 3  Raman spectra at room temperature of pure and 
doped KNN: (a) at the frequency range of 100–1000 cm–1; 
(b) the deconvolution bands centered at approximately 
260 cm–1 (5 and 6) and 630 cm–1 (2 and 1). 
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undergoes a shift at high frequencies (Fig. 3(b)) since 
the Li+, which is an atom that replaces the atoms of 
Na+ and K+ at site A, is a lighter atom than those it 
replaces. Likewise, the constant force is increased and 
can be related to an increase of the structural disorder 
due to the substitution of Na/K atoms by Li [36], while 
the samples doped with La3+ and Ti4+ which are heavier 
atoms substitute the Na+ and K+ atoms at site A and 
Nb5+ at site B, respectively. This shows a shift towards 
lower frequencies of most of the modes (Fig. 3(b)) and 
the force constants decrease. 

The ν5(T2g) and ν1(A1g) modes are very intense 
bands in the samples due to the high symmetry of the 
octahedron, which is affected when doping with 
different ions (Fig. 3(a)). In the spectral range of 
180–350 cm–1, three Raman modes are detected for all 
samples (both monoclinic and orthorhombic phases). 
The modes with a range of 360–510 cm–1 (Fig. 4(a)), 
two bands are shown for KNN (ν4 modes) [36] and 
only one Raman band (ν4) is shown for the other 
samples. In modes that range from 500 to 700 cm–1, 
the characteristic bands (ν2 and ν1) for doped KNN and 
pure KNN are shown.  

The ν1+ν5 Raman mode (Fig. 4(b)), which is present 
in the doped samples, is characteristic for both the 
monoclinic and orthorhombic phases, and it is 
sensitive to the concentration of Na+ and K+  [37]. 
Additionally, the ν1+ν5 mode is well defined for KNN, 
but for the doped KNN, the ν1+ν5 mode is broad and is 
more noticeable for samples containing La3+ and Ti4+.  

 

 
 

Fig. 4  Deconvoluted detail of (a) modes ν4 at 
frequencies ranging from 360 to 510 cm–1 and (b) ν1+ν5 
and K6Nb10.8O30 at the frequencies ranging from 810 to 
930 cm–1. 

The doped samples show an additional vibrational 
mode (Fig. 4(b)) detected at 876 cm–1 for KNNLi6, 
891 cm–1 for KNNLa1.66, 898 cm–1 for KNNLa1.66Ti1, 
897 cm–1 for KNNLa5Ti1, and 891 cm–1 for KNNLa6Li1. 
This is associated with the formation of the secondary 
phase K6Nb10.8O30, also identified by XRD. The presence 
of this kind of secondary phase has been previously 
reported by other authors [28]. 

In the scanning electron microscopy (SEM) analysis, 
the images of the sintered ceramic samples are shown 
(Fig. 5). Here, a dependence of the grain size with the 
doping, observing a decrease of the grain size in all 
doped samples can be observed. 

 

 

 

 
 

Fig. 5  SEM images of pure and doped KNN sintered at 
different temperatures.  

 

All micrographs show the typical morphology of 
ceramics based on alkaline niobates. The grain size 
measurements demonstrated that pure KNN shows the 
largest grain size (1.16 μm) and it decreases with the 
addition of dopants. The large error bar, shown in the 
KNN sample, is because there are two ranges of grain 
size distributions related to the monoclinic and 
orthorhombic phases, corresponding to the results 
obtained in XRD (Table 2), where the monoclinic and 
orthorhombic phases are in similar proportions [32,33]. 
The sample that showed the smallest grain size is 
KNNLa1.66 (Fig. 6) with an average grain size of 0.4 μm. 
Previous studies report that the effect of doping 
promotes the diffusion of substituted ions to the grain 
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Fig. 6  Decrease in average grain size in ceramic 
samples by the action of dopants. 
 

boundaries and contributes to the decrease in grain size, 
as observed in this case. Therefore, the addition of 
dopants inhibits the grain growth in all doped samples 
[38], and promotes a higher concentration of the 
orthorhombic phase according to XRD results.  

3. 2  Ferroelectric characterization 

Figure 7 shows the hysteresis loop of the different 
samples characterized at room temperature with an 
applied electric field of up to 60 kV/cm in a period of 
10 ms. The maximum polarization obtained (Table 3) 
is achieved for the KNNLa1.66Ti1 sample. The 
polarization drop near the maximum polarization field 
is observed in KNN, KNNLi6, and KNNLa1.66Ti1, 
accompanied by a discontinuity in the polarization for 
E = 0. This effect is attributed to conductivity losses 
caused by vacancies in the crystal lattice and impurities 
such as the secondary phase seen previously in XRD. 
The samples of KNNLi6La1, KNNLa1.66, and 
KNNLa5Ti1 present a typical ferroelectric curve with 
no polarization drop to the applied maximum field, as 
shown in Fig. 7. The remnant polarization of the 
samples exhibits a decreasing tendency as a function of 
the increase in the quantity of secondary phase 
(K6Nb10.8O30), as displayed in Fig. 8. Here, higher 
amounts of secondary phase that tend to reduce the 
remnant polarization [28] are observed, and therefore, 
the applied voltage is not used efficiently. It is also 
observed in Fig. 7 that the samples with the lowest 
coercive field are those of pure KNN and KNNLa5Ti1 
with 11.52 and 10.43 kV/cm, respectively. The coercive 
field depends on the relaxation that occurs during the 
inversion of the polarization that causes the displacement 
of the domain boundary, as well as the inversion of the 
polarization in the direction of the applied field, depending 
on the structure as well as the grain and domain size [39]. 

 
 

Fig. 7  Cycles of ferroelectric hysteresis of ceramic 
samples. 

 

 
 

Fig. 8  Comparison of the amount of secondary phase 
(K6Nb10.8O30), the remnant polarization, and pyroelectric 
signal of the ceramic samples. 
 
Table 3  Remnant polarization and the coercive 
electric field of the analyzed samples 

Sample Pr (μC/cm2) Ec (kV/cm) 

KNNLa1.66Ti1 17.06 21.16 

KNN 16.42 11.52 

KNNLi6 15.14 14.98 

KNNLi6La1 9.45 18.72 

KNNLa1.66 3.90 16.73 

KNNLa5Ti1 2.09 10.43 
 

3. 3  Pyroelectric response 

Figure 9 shows the results of the pyroelectric response 
(AC amplitude in volt) as a function of the modulation 
frequency for the set of samples. The general behavior 
of the pyroelectric signal is an exponential decay (Eq. 
(1)) [23,24]. The voltage amplitude of the signal 
depends on the frequency and is proportional to the  
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Fig. 9  Pyroelectric response of ceramic samples. All 
samples were polarized under the application of an 
electric field of 16.6 kV/cm for 30 min.  
 

pyroelectric coefficient which depends on the variation 
with the temperature of the remnant polarization of the 
samples. The largest values of the signal were obtained 
for the samples of pure KNN (0.5 mV) and 
KNNLa1.66Ti1 (0.31 mV), both at 10 Hz. In Fig. 8, a 
comparison between the pyroelectric signal and the Pr 
is made and it is observed that, for those samples with 
lower values of Pr, the corresponding values of the 
pyroelectric signal also tend to decrease. 

3. 4  Dielectric characterization 

The dielectric behavior of materials with temperature, 
particularly ferroelectric, is to increase its value to a 
maximum that corresponds to the transition from 
ferroelectric to paraelectric phase. These contributions 
to the permittivity are given by different contributions 
of the different polarization types that occur during the 
measurement itself, as well as the contributions of the 
different frontiers presented in the material (crystallite, 
domain, grain border, and interphase between the 
sample and electric contact). Some authors suggest that, 
in this case, the increases of dielectric permittivity with 
temperature are due to the contribution of the polari-
zation of space charges [40]. As a result of introducing 
dopants, vacancies are created (crystalline imperfections) 
and this changes the contribution of the polarization of 
space charges. The relative dielectric permittivity of a 
material is affected by dipolar, electronic, ionic, and 
interfacial polarization [40]. 

According to Saito et al. [9], in the KNN (in a range 
of 25–500 ℃) system, a first peak presented in the 
curve of  vs. T around 220 ℃ corresponds to the 

orthorhombic–tetragonal phase transition. Likewise, a 
second peak, of greater permittivity value, corresponds 
to the ferroelectric–paraelectric transition, where the 
material passes from tetragonal to cubic phase (also 
known as Curie temperature). Some authors suggest 
that the predominant polarization mechanism changes 
from dipolar to interfacial, which is reflected in a rise 
of the relative dielectric permittivity in the ferroelectric– 
paraelectric transition [40].  

Different authors have reported that, in KNN, the 
effect of Li increases the tetragonal–cubic phase transition 
temperature (TT–C) and decreases the orthorhombic– 
tetragonal phase transition temperature [41]. It also 
decreases the remnant polarization, the coercive field, 
and the mechanical quality factor (Qm) [42]. On the 
other hand, the La3+ causes an increase in the temperature 
of orthorhombic–tetragonal transition TO–T and a decrease 
of the TC  [43]. The low-temperature ferroelectric– 
ferroelectric transition (O–T) is dominated by a dipolar 
polarization mechanism and this can be modified by 
the effect of dopant, which can increase or decrease the 
influence of this mechanism in magnitude and temperature.  

In Fig. 10 it is appreciated that pure KNN shows an 
O–T transition at 207 ℃ followed by a T–C transition 
(ferroelectric–paraelectric) at 402 ℃, close with what 
is reported in the literature [41]. The effect of the 
different dopants is confirmed: the Li increases the 
cubic–tetragonal phase transition temperature (TT–C) 
but only when combined with La, something not 
reported in the literature. This raises TC to 445 ℃, if it 
coincides with the decrease in the O–T temperature, 
the one that occurs at 160 ℃ (Fig. 11). The results 
obtained for KNNLi6 do not coincide exactly since 
both transition temperatures decrease, although the 
O–T decreases around 100 ℃ concerning pure KNN 
and the T–C transition occurs only 20 ℃ below the 
KNN without doping. The effect of lanthanum depends 
on the concentration and whether a substitution occurs 
at position B of the perovskite structure since it goes to 
site A, where the K+ and Na+ are located. These changes 
occur because lanthanum entering in the structure 
weakens long-range interaction, allowing changes to 
occur at lower temperatures (mainly TC). In the 
interactions where the atoms of Li+, Na+, and K+ are 
present, the participating orbitals are the “s” orbitals, 
which are very strong and are stronger for the Li+, 
which is why the Curie temperature increases. However, 
the orbitals that participate in the case of La3+ are hybrid 
“sd” orbitals (6s2–5d1), which are less strong than “s”, 
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so the TC temperature decreases. 
When Ti4+ is introduced at site B (sample KNNLa5Ti1), 

again the participating orbitals are hybrid “sd” orbitals 
(4s2–3d2). In addition to lowering the Curie temperature. 
The O–T transition appears around 234 ℃ (Fig. 11); 
however, for KNNLa1.66Ti1 it was only possible to 
identify the Curie transition (TC). In addition to the 
effect that dopant causes in the transition temperatures, 
there is a noticeable decrease in the magnitude of the 
relative dielectric permittivity (Fig. 10). It is important 
to point out the decrease in the relative dielectric 
permittivity, in particular between 25 and 100 ℃, as it 
appears in detail in Fig. 10, varying from 937.6 for 
KNN to 205.9 for KNNLi6. 

The permittivity profile for the KNNLa1.66Ti1 and 
KNNLa5Ti1 samples corresponds to a diffuse phase 
transition, due to the simultaneous effect of the 
replacement of the La3+ ion and Ti4+ at sites A and B, 
respectively [44]. 

The dielectric losses are high but show the inhomo-
geneity of the samples due to the presence of three 
phases (monoclinic, orthorhombic, and K6Nb10.8O30) at 
room temperature. All values of relative dielectric 
permittivity at room temperature and transition tem-
peratures for 1 kHz are also shown in Table 4. 

For applications where the capacity is used in the 
temperature range of 25–100 ℃ the characteristics of 
the selected material must be constant or with a linear 
behavior, the candidates being KNN, KNNLa1.66Ti1, 
and KNNLa5Ti1 samples. 

The results obtained in this study concerning to those 
reported in previous works [12,20,21] with dopants in 
a similar concentration range, show some coincidences  
and also important differences. The effect of dopants, 
in general, is to induce a decrease in grain size, as well 
 

as a decrease in the remnant polarization if compared 
with pure KNN. Furthermore, a decrease in T–C and 
O–T transition temperatures is also observed with the 
increase in dopant concentration. However, in our case, 
the samples KNNLi6La1 and KNNLa5Ti1 show an 
increase in their transition temperatures for T–C and 
O–T, respectively. 

 

 
 

Fig. 10  (a) Relative dielectric permittivity (εr) and (b) 
dielectric loss (tanδ) of ceramic samples as a function of 
temperature at 1 kHz. Both cases show details of 
behaviors at low temperature. 
 
 

Table 4  Dielectric permittivity at room temperature and 
transition temperatures for orthorhombic–tetragonal 
(O–T) and tetragonal–cubic (T–C) or Curie temperature 
transition (TC) 

Transition temperature (℃) 
Sample εr (room 

temperature) O–T T–C = TC 

KNN 937.6 207 402 

KNNLi6 205.9 82 383 

KNNLi6La1 967.4 160 445 

KNNLa1.66 235.2 122 302 

KNNLa1.66Ti1 439.6 — 308 

KNNLa5Ti1 531.6 234 303 

 
 

Fig. 11  Dependence of dielectric function with the temperature at frequencies of 1, 10, 100 kHz and 1 MHz. 
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In these previous works, the authors report mixtures 
of orthorhombic and tetragonal phases in their samples; 
however, in our study, due to the processing conditions, 
milling method, precursors, and doping elements used, 
we find a mixture of monoclinic and orthorhombic 
phases. Additionally, the concentration range of dopants 
used in this work generates the formation of low 
amounts of the secondary phase K6Nb10.8O30.  Finally, 
the values obtained from the dielectric permittivity at 
room temperature are similar in the temperature range 
of 500 and 1000 ℃. 

4  Conclusions 

We have studied the effect of Li+, La3+, and Ti4+ dopants 
on the structural, morphological, ferroelectric, and 
dielectric properties of KNN. The densities of all 
doped samples showed higher density values than pure 
KNN. From XRD analyses, it was confirmed that the 
pure KNN sample presents a mixture of monoclinic 
and orthorhombic crystalline phases. In contrast, the 
addition of La3+, Ti4+, and Li+ induces an increase in 
the concentration of the orthorhombic phase and also a 
secondary tetragonal phase of K6N10.8O30. The Raman 
results confirmed the presence of the monoclinic 
(KNN) and orthorhombic (doped KNN) phases in good 
agreement with the XRD results and a secondary phase 
K6Nb10.8O30. Moreover, it was observed that there is a 
reduction in grain size due to doping, in which KNN 
showed the highest average grain size. The study of the 
ferroelectric properties showed a maximum value of 
polarization remaining for the composition of 
KNNLa1.66Ti1 followed by KNN. It was observed 
that there is a direct dependence between the amount 
of secondary phase present and the reduction of the 
remnant polarization. The pyroelectric response resulted 
in a maximum voltage signal for un-doped KNN and 
shows the same trend as the remnant polarization of the 
samples. The relative permittivity and Curie temperature 
showed maximum values in the KNNLi6La1 sample, 
as well as a decrease in the O–T transition temperature of 
the doped samples. At room temperature, sample 
KNNLa1.66Ti1 showed the lowest dielectric losses. 
For our samples, those that have a greater remnant 
polarization (Pr) also have a higher pyroelectric 
response. The results obtained are strongly determined 
by the milling process used. 
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