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In this paper, Lead-free based on 0.97(K 4;sNay 45Li 4)(Nb sTa,,)0;-0.03Bi, sNa, s TiO; with additives La,O; (1, 2, 3, 4 wt.%)
was prepared by the solid reaction method, and the effect of La dopant on the structural and electrical properties is investigated.
The result indicates La dopant considerably decreases the optical band gap compared to the undoped composition. On the other
hand, La doping leads to the higher dielectric property in a wider temperature, providing possibilities and directions for the sub-
sequent development of ferroelectric photovoltaic materials with electrical properties and low optical band gap in a dramatical

manner.
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1. Introduction

Piezoelectric materials are widely applied in energy storage,
military, health and medical fields as accumulators, sensors
and transducers.'-” While Pb-based piezoelectric materials
play the main role in the peizoelectric devices, there is a
growing demand for safer piezoelectric materials to develop
Lead-free piezoelectric materials.®® (K, Na)NbO,; (KNN)
ceramics with high Curie temperature and good electrical
properties is one of the Lead-free candidates for.
KNN-based ceramics has a polycrystalline phase transi-
tion (PPT) and exhibits relatively large electricity. The main
idea of the design is to adjust the phase transition temperature
of (K, Na)NbO; ceramics to room temperature by chemical
doping. There are many methods to improve the electrical
properties of KNN, such as the improvement of preparation
technology and doping modification. Due to the low solid—
liquid temperature of KNN ceramics, liquid phase and alkali
metal volatilization are easy to occur in the sintering process.
Therefore, doping is used to improve the defects of KNN.10 It
can be seen from many papers that doping different elements
in the KNN system can make the PPT of KNN and improve
the temperature stability.!’!> Dai et al. found that Li and Ta
doped into the KNN system leads to Orthogonal-Tetragonal
phase transition temperatures reduced to room temperature. '3
Eu was added into KNN piezoelectric ceramics and Eu?* ions
entered into the lattice could widen the temperature region

of the Orthorhombic-Tetragonal phase transition.'* Mn was
added into (K, Na, Li)(Nb, Ta)O;, and found that the addition
of Mn could reduce the sintering temperature of ceramics,
increase the residual polarization strength of ceramics and
reduce the coercivity field of ceramics. However, the tem-
perature region of the Orthorhombic—Tetragonal phase tran-
sition moved to the higher temperature, and the piezoelectric
constant ds; increased. '

The temperature width of the system is a necessary means
to obtain high electrical performance. It is generally believed
that after the solid solution of BNT in KNN-based ceramics,
it will be transformed from the traditional ferroelectric ceram-
ics to the relaxor ferroelectric ceramics, and the prominent
feature of relaxor ferroelectric ceramics is phase boundary
dispersion.'®-20 Therefore, the ceramics can maintain stable
performance over a wide temperature region, and may also be
conducive to the improvement of ceramic performance.?!2>

The main work of this paper is to regulate the phase
boundary structure of BNT ceramics doped with perovskite
La,0; by the solid reaction method based on KNN-based
ceramics. The effects of phase structure on electrical prop-
erties and optical band gap of ceramics were analyzed.
0.97(K.4Nag 45Lig 04) (Nbg g Ta ;)O03-0.03Bi, sNa, sTiO5—
xLa,05 (x =0.01, 0.02, 0.03, 0.04) was prepared by the solid
reaction method. The influence of La,O; doping on the phase
structure and dielectric properties of ceramics was studied,
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and the internal mechanism of the influence was analyzed, so
as to explore the ways and rules of improving the dielectric
properties of ceramics.

2. Experiment

In this paper, Na,CO; powder (purity > 99.50%), K,CO,
powder (purity = 99.00%), Nb,Os powder (purity = 99.90%),
Li,CO; powder (purity = 99.99%), Ta,O5 powder (purity
> 99.50%), Bi,0; powder (purity = 99.00%), TiO, powder
(purity 2 99.00%), La,O; powder (purity 2 99.90%), are raw
materials. The ball milling speed is 345 r/min and the mill-
ing time is 12 h. After ball milling, the materials are dried at
80°C to obtain a solid powder. Then the solid powder was
pressed into pieces and calcined at 920°C for 4 h. The cal-
cined powder is subjected to secondary ball milling and then
granulation pressed at 7 MPa and sintered at 1060°C for 2 h.

The XRD of the finished product was measured at room
temperature using a D/max-r-B12 kW X-ray diffractometer
to obtain the internal structural characteristics of the reac-
tion materials. The morphology of the ceramic was tested by
SEM. The SEM image can show the grain size and size dis-
tribution of the finished product, which is convenient for the
analysis of the density and other properties of the ceramic.
The sample is placed under alternating currents of differ-
ent frequencies, and the dielectric loss can be measured by
counting the energy consumed by heating per unit of time
and can reflect the dielectric properties of the object. The
ultraviolet-visible absorption spectra of the ceramic products
at room temperature were measured by Shimadzu UV2600
ultraviolet-visible spectrophotometer, and the optical band
gap of the ceramics was calculated.

3. Results and Discussions

Figure 1 shows the XRD pattern of 0.97KNNLT-0.03BNT-
xLa,05 (x = 0.01, 0.02, 0.03, 0.04) ceramics prepared by
the solid reaction method. All samples were pure perovskite
structure. The lattice constants obtained by XRD analysis of
ceramics are shown in Table 1. The cell volume of ceram-
ics decreases with the increase of La-doped concentration.
La was doped into A-site element, mainly replace K and Na
in (1-x) KNNLT-xBNT ceramics, La has a smaller atomic
radius than K and Na, so the cell volume of the doped ceram-
ics becomes smaller. As the tetragonal concentration of
La-doped increases, the c/a of ceramics is reduced to close
to 1, which also indicates that the phase structure of ceramics
at this time changes from Orthogonal-Tetragonal miscible
to cubic phase structure and the cubic phase structure is the
main phase structure at this time.

The SEM of 0.97KNNLT-0.03BNT—-xLa,0; (x = 0.01,
0.02, 0.03, 0.04) ceramics is obtained in Fig. 2. After the
addition of La,0;, the grain size of the ceramics was reduced.
This indicates that the addition of La,O; further reduces the
sintering temperature of the ceramics, and there will still be a
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Fig. 1. XRD pattern of 0.97KNNLT-0.03BNT—xLa,O; ceramics.
Table 1. Lattice parameters and unit cell volume of 0.97KNNLT-
0.03BNT—xLa,0; ceramics.
xwt.% La,0, 0.01 0.02 0.03 0.04
a(A) 3.9723 3.9749 3.9800 3.9667
b(A) 3.9723 3.9749 3.9800 3.9667
c(A) 4.0068 3.9989 3.9936 3.977
Vol (A% 63.224 63.180 63.261 62.576
cla 1.0087 1.0060 1.0049 1.0026

liquid phase at a lower sintering condition for 1140°C. This is
due to Na and K being precipitated between grain boundaries
after being replaced by La, and the melting point of Na and
K is lower than the sintering temperature. This phenomenon
becomes obvious with the increase in the concentration of
La-doped. In Fig. 2(d), large grains appear in the ceramics
with La-doped concentration of 0.04, which also leads to the
increase of pores in the ceramics.

The dielectric properties of 0.97KNNLT-0.03BNT-
xLa,0; ceramics were tested and analyzed. Figure 3
shows the variation spectrum of the dielectric constant of
0.97KNNLT-0.03BNT-xLa,05 (x = 0.01, 0.02, 0.03, 0.04)
ceramics with temperature (the test frequencies are 500
Hz, 1 kHz, 5 kHz, 10 kHz, 50 kHz,100 kHz and 200 kHz).
Compared with 0.97KNNLT-0.03BNT ceramics, ceramics
doped with different concentrations of La,O; have only one
significant dielectric peak in (a)-(d) dielectric temperature
spectrum and the subsequent dielectric constant drops to a
lower value. This indicates that the dielectric peak corre-
sponds to the dielectric peak of the tetragonal-cubic phase
transition, and the phase transition temperature is Curie tem-
perature. This is consistent with XRD data. It shows that the
transition from tetragonal to cubic phase occurs when the
temperature is 60°C. It is obvious that the Curie tempera-
ture 7. of La,O;-doped ceramics decreases significantly,
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Fig. 2. SEM diagrams and particle size distribution of 0.97KN-
NLT-0.03BNT-xLa,O; ceramics. (a) x = 0.01, (b) x = 0.02, (c)
x=0.03 and (d) x = 0.04.
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all of which drop to the range of 60—100°C. At room tem-
perature, the dielectric constant of ceramics with the doped
concentrations increases obviously. When the concentration
of La-doped is 0.04, the dielectric loss tané reaches its low-
est point at 0.053. The diffusion coefficient of the ceramic
drops to the level of KNNLT ceramic (1.29). The improve-
ment of dielectric properties of ceramics is mainly due to the
high dielectric properties provided by the phase boundary
of the tetragonal-cubic phase boundary. In addition, it has
been found that the relative molecular ratio Rw of A-site and
B-site elements in perovskite structure is closely related to
the dielectric constant of ceramics. The relative molecular
weight of La is higher than that of K, Na, Li and Bi, and the
Rw of the ceramics becomes larger. Therefore, the dielectric
properties of ceramics are significantly improved. La-doped
plays a decisive role in this process.

Figure 4 shows the percentage variation of dielectric
properties of 0.97KNNLT-0.03BNT—xLa,0; (x = 0.01, 0.02,
0.03, 0.04) ceramics. The Fig. 4(a) shows the percentage
change in dielectric properties after different voltage polariza-
tions. The test method was to polarize the ceramics for 10 min
at 0.5kV, 1 kV, 1.5kV and 2 kV, respectively, and then divide
the dielectric constant before polarization. It can be found
that after La-doped, under the condition of 2 kV polarization,
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Fig. 3. Temperature dependence of relative dielectric constant of 0.97KNNLT-0.03BNT—xLa,0O; ceramics. (a) x = 0.01, (b) x = 0.02,

(c) x=0.03 and (d) x = 0.04.
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Fig. 4. (a) Polarization voltage of relative dielectric constant,

(b) temperature dependence of dielectric loss tangent and (c) fre-
quency dependence of constant of 0.97KNNLT-0.03BNT-xLa,0;
(x=0.01, 0.02, 0.03, 0.04) ceramics.

the increase of the dielectric constant of ceramics tends to
saturation, but the increase is lower than that of the undoped
0.97KNNLT-0.03BNT ceramics. The highest reinforcement
ratio is close to 3% for ceramics with La-doped concentration
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of 0.01. The group with the lowest reinforcement ratio was
divided into ceramics La-doped concentration of 0.02, and
the reinforcement ratio was close to 1%. The main reason
for this phenomenon is that 0.97KNNLT-0.03BNT ceram-
ics transform into Tetragonal-Cubic miscible at room tem-
perature after La-doped, and the internal reversible domain is
less than 0.97KNNLT-0.03BNT ceramics, so the dielectric
property improvement rate is low after applying the volt-
age. Figure 4(b) shows the variation curve of dielectric loss
with the temperature at the frequency of 200 kHz. In the test
temperature range of 100-300°C, the dielectric loss tané of
0.97KNNLT-0.03BNT—xLa,O; ceramics decreases with
increasing temperature and becomes stable around 150°C.
Meanwhile, the dielectric loss tané decreases with increasing
doping concentration. The dielectric loss tané of La-doped
ceramics with the doping concentration of 0.04 is less than
0.05 and even drops to 0.01 in the temperature range of 200—
300°C. Based on the 0.97KNNLT-0.03BNT ceramics, the
properties are further improved and the dielectric loss per-
formance is excellent. It shows that La-doped concentration
significantly affects the number of carriers in ceramics. After
La-doped, the number of carriers increases significantly, so
the dielectric loss tané also increases significantly. However,
La’* enters the lattice to replace Na*, K* and Li* plasma in
0.97KNNLT-0.03BNT after doping a high concentration of
La,0;. Some oxygen ions obtain electrons and convert them
to oxygen, which leads to the increase of oxygen vacancy
and inhibits the increase of dielectric loss. Figure 4(c) is
the dielectric constant of the sample ceramic at different
frequencies (test frequency is 100 Hz, 1 kHz, 10 kHz, 100
kHz and 1 MHz), and the spatial carrier is not affected by
the higher test frequency. Therefore, the dielectric constant
of 0.97KNNLT-0.03BNT—xLa,0; (x=0.01, 0.02, 0.03, 0.04)
ceramics decreases with the increase of test frequency.

Obviously, the higher the La-doped concentration, the
greater the influence of frequency on its dielectric proper-
ties, indicating that the higher the La-doped concentration,
the more internal space carriers in the ceramic. The results
show that when the La-doped concentration in 0.97KNNLT-
0.03BNT ceramics is 0.04, the dielectric constant at room
temperature can be increased, and the dielectric loss can be
inhibited.

The absorption spectra of 0.97KNNLT-0.03BNT ceram-
ics doped with La,O; were measured. Figure 5 shows the
ultraviolet absorption spectra of 0.97KNNLT-0.03BNT-
xLa,0; ceramics. After La-doped, the absorbance A of
ceramics in the range of 400-800 nm is higher than that
of 0.97KNNLT-0.03BNT ceramics, while the absorbance A
of ceramics in the range of 250—400 nm has little change. The
results show that La,O; can enhance the absorption capac-
ity of ceramics in the ultraviolet band. However, it has little
effect on the absorption capacity of light waves in the visible
range. In conclusion, La-doped has little effect on the wave-
length of light absorbed by ceramics, which is still dominated
by 350 nm. The main electron transition inside the ceramic is
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Fig. 5. UV-Vis absorption spectra of 0.97KNNLT-0.03BNT-

xLa,0; (x =0.01, 0.02, 0.03, 0.04) ceramics.
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Fig. 6. Optical band gap of 0.97KNNLT-0.03BNT-xLa,0,
(x=0.01, 0.02, 0.03, 0.04) ceramics.

Table 2. Optical band gap of 0.97KNNLT-0.03BNT-xLa,0;
(x=0.01, 0.02, 0.03, 0.04) ceramics.

xwt.% La,0; 0.01 0.02 0.03 0.04
E 3.121 3.069 3.012 3.139

g

still from the (O-2p) valence band to the (Nb-4d) conduction
band, indicating that La-doped has little effect on the shape
of the NbO, oxygen octahedron.

Figure 6 shows the optical band gap diagram of
0.97KNNLT-0.03BNT-xLa,0; (x = 0.01, 0.02, 0.03, 0.04)
calculated by the Tauc diagram method. The specific optical
band gap values of La-doped 0.97KNNLT—-0.03BNT ceram-
ics are shown in Table 2. After La enters the lattice, the optical
band gap of ceramics is less regulated. When x = 0.01-0.03,
the band gap of ceramics decreases with the increase of the
concentration of La-doped, decreasing to 3.01 eV at the low-
est point and increasing to 3.14 eV at x = 0.04, this is due to
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the formation of irregular grains in the liquid phase during
sintering.

4. Conclusion

In this paper, 0.97KNNLT-0.03BNT—xLa,0; (x=0.01, 0.02,
0.03, 0.04) was prepared by the solid reaction method. The
phase structure of KNNLT ceramics was regulated by ele-
ment doping to improve the dielectric properties and regu-
late the optical band gap of the ceramics. With La-doped,
the 0.97KNNLT-0.03BNT-xLa,O; ceramics turn into a
Tetragonal-Cubic phase at room temperature, and it can sig-
nificantly increase the dielectric constant of the ceramics, and
the dielectric loss is kept at a low value. Lattice distortion
caused by the entry of La can reduce the optical band gap of
ceramics.
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