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erties of (K sNag5)NbO3; (KNN)-based transparent ferroelectric ceramics cannot
7 June 2022 be achieved at the same time. The modification by doping and improved sin-

tering techniques can not only increase the optical properties of ceramics but
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1 Introduction

In recent decades, electronic information technology
welcomed the golden period of development, spur-
ring rapid development in the field of electronic
devices like military communications, medical devi-
ces, mobile devices, LCD screens, etc. [1-4]. Trans-
parent ferroelectric ceramics are a type of
optoelectronic ceramic with good optical and elec-
trical properties, which are widely used in the fields
of transparent pulse capacitors, sensors, storage, and
transparent electronic components [5-7]. Among
them, lead zirconate titanate (PZT) and La-doped
lead zirconate titanate (PLZT) transparent ferroelec-
tric ceramics are widely used to apply transparent
ferroelectric ceramics, which have high piezoelectric
constants, electromechanical coupling coefficients
and superior optoelectronic performance [8-11].
However, with the massive development and appli-
cation of lead (Pb) containing ceramics and the
gradual rise of people’s environmental awareness.
Although PZT and PLZT ceramics are sought after
for their excellent optoelectronic properties. High Pb
content not only pollutes the environment but also
causes irreversible damage and harm to the body in
people’s long-term daily use [12, 13]. Therefore, it is
imperative to find alternative lead-free ceramics.
KNN ferroelectric ceramics possess high Curie
temperatures, piezoelectric coefficients, electrome-
chanical coupling coefficients, and good optoelec-
tronic properties which make them considered
excellent candidates for PZT and PLZT ceramics
[6, 14, 15]. However, the pure KNN ferroelectric
ceramics are usually low transparent, which is rela-
ted to many factors such as the optical band gap
energy, grain size, refraction, birefringence and
crystal structure, etc. [16-18], which has been con-
firmed by many research scholars. Some studies have
shown that larger optical band gap energy and
smaller grain size are beneficial to obtaining higher
transmittance [19]. In addition, the crystal structure
has a crucial influence on the light transmission in
KNN ceramics [20]. KNN ferroelectric ceramics
exhibit a typical orthorhombic phase at room tem-
perature with the low symmetry of the crystal
structure, resulting in reduced transmittance [20-23].
Numerous studies have shown that doping modifi-
cations and improved sintering techniques can not
only enhance the light transmission in KNN ceramics
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but also significantly improve its comprehensive
electrical properties [24-29].

Currently, doping modifications are generally
based on the addition of oxides (Al,O3, La,Os, Y505,
etc.) and similarly structured second components
(perovskite structure, ABO3) to KNN ceramic sub-
strates [5, 30, 31], and sintering techniques used to
improve properties of KNN ceramics are usually
conventional solid-phase sintering method, hot-press
sintering method, special atmosphere sintering
method, plasma sintering method, etc. [28, 32]. Zhao
et al. prepared KNN-5r(AlysNbgs)Oz transparent
ferroelectric ceramics with submicron grains by
pressureless sintering method to obtain good trans-
mittance of 55% at 780 nm, and excellent electrical
properties such as piezoelectric constants (ds3 = 105
pC/N), dielectric constant (e, = 1021), and residual
polarization (P, = 15.1 pC/cm? [33]. Geng et al.
prepared [(Ko.5Nag 5)1_2(Srg75Bag 25)]o.03-
Lip.07Nbg.93Big 0703 lead-free transparent ferroelectric
ceramics by hot-press sintering method, obtaining a
high transmittance of 60% in the visible band and
even close to 100% transparency in the infrared band,
while combining excellent electrical properties (e,.
=1679 and ds; = 151 pC/N) [34]. Therefore, the
improvement and enhancement of the optoelectronic
properties for KNN ceramics through doping modi-
fication and improved sintering techniques would be
more convenient, feasible, effective, and low-cost.

As introduced before, electronic information and
internet technology is advancing. Therefore, the
requirements for KNN-based transparent ferroelec-
tric ceramics are constantly being updated. Nowa-
days, the multi-functional and high-performance
KNN-based transparent ferroelectric ceramics are
better suited to the requirements of connectivity,
diversity, and high standards among a wide range of
transparent electronic devices. In this work, (Kqs.
Nag s)NbO;-Ba(Big 5Tag5)O; transparent ferroelectric
ceramics were synthesized using a low-cost and
easily prepared conventional solid-phase sintering
method. The expectation is to obtain high-perfor-
mance and multi-functional ceramics by the addition
of Ba(Bip5Taps)Os. The phase structure transition,
microscopic morphology changes, and optoelectronic
properties of the ceramics were investigated in detail.
Further analysis of the contribution from the optical
band gap to the transmittance in ceramics, and an
evaluation of the potential for the ceramics as novel
lead-free electronic devices.
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2 Experimental procedure

(1 — x)(KgsNag5)NbOs—xBa(Big5Tags)O3  lead-free
transparent ferroelectric ceramics (abbreviations as
KNN-xBBT, x = 0.01, 0.015, 0.02, 0.025, 0.03) were
attained by the conventional solid-phase sintering
method, in which the raw materials all adopted the
high-purity powders and it contained Bi,O;
(99.999%), NayCO;5 (99.8%), Nby,Os (99.99%), K,COs
(99%), BaCO3 (99.9%), and Ta,Os (99.99%). The raw
materials were dried in an oven at 80 °C for 12 h
before using, and then calculated and weighed
according to different x. The weighed raw materials
were put into the ball mill tank and ball milled for
24 h using zirconia balls and ethanol as the medium
with the slurry dried at 80 °C after ball milling. Then,
the dried powder was calcined at 860 °C for 3 h and
ball-milled again for 12 h. The obtained slurry was
also dried at 80 °C. The powders were blended with
the suitable amount of 7 wt% polyvinyl alcohol
(PVA) binder solution and the next passed through
100-mesh screen. Subsequently, under the 5 MPa
pressure, they were pressed into circular ceramic
sheets with the diameter 13 mm and thickness with
1 mm. Finally, the ceramic sheets were calcined at
600 °C for 2 h to eliminate the PVA added during the
granulation process. Immediately afterwards, the
sintering was carried out at an increase in tempera-
ture of 2 °C/min to 1180 °C for 3 h to densify the
ceramic sheets. For all ceramic pieces, the surface was
polished smooth and the thickness was approxi-
mately 0.3 mm to measure their optical properties.
Meanwhile, the ceramic sheets were brushed with
silver paste on both sides and calcined at 600 °C for
30 min to test their electrical properties.

Optical transmittance was measured by ultravio-
let—visible (UV-Vis, PerkinElmer Lambda 365) spec-
trophotometer. The crystalline phase structure of the
ceramics was investigated through X-ray diffraction
(XRD, D8-Advance). The valence of Bi ions was tes-
ted using X-ray photoelectron spectroscopy (XPS,
Escalab250 Xi). A field emission scanning electron
microscope (FE-SEM, Quanta 450 FEG) was utilized
to observe the surface morphology of the ceramics,
and grain size was calculated and analyzed with the
software Nano Measurer 1.2. The polarization—elec-
tric field (P-E) hysteresis loops were tested using
ferroelectric integrated test system (TZ-FE-C).
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3 Results and discussion

Figure 1la shows a XRD diffraction pattern of KNN-
x¥BBT ceramics. From Fig. 1a, it can be seen that all
ceramics show a typical perovskite structure [35, 36].
Moreover, no significant second phase is found in all
XRD diffraction patterns, which indicates that Ba, Bi
and Ta have been diffused into KNN structure. The
phase structure of KNN-based transparent ferro-
electric ceramics can be roughly determined by the
(200) diffraction peaks at 20 = 45° [37]. Figure 1b
reveals that magnified XRD diffraction pattern in the
20 range of 44°-47°, and Gaussian fitting for the
diffraction peak at x = 0.01. It can be clearly found
that when x > 0.01, there is only a sharp diffraction
peak, indicating that the phase structure of the cera-
mic is close to a cubic phase. The phase structure at
this time can be called a pseudo-cubic phase. How-
ever, when x = 0.01, the band at 45° corresponding to
(200) symmetry plane has been fitted by software
analysis observing be formed by two diffraction
peaks associated to (202) and (020) symmetry planes.
Meanwhile, the diffraction intensity of the (202) peak
is approximately twice higher than with the (020)
peak, indicating the ceramic has an orthogonal phase
structure resembling pure KNN [36].

In addition, the (200) diffraction peak shifts to the
right after the addition of Ba(Big5Ta5)O3 to the KNN
ceramics, which indicates a smaller cell size. This is
because Ba®" (R=161A, CN=12) and Bi**
(R =1.38 Ao, CN =12) preferentially replace K*
(R=164 A, CN=12) and Na* (R=139 A, CN =

12) of similar radius at the A-position, while Ta>+
(R=0.64 A, CN =6) replaces Nb°" (R = 0.64 A,
CN = 6) of similar radius at the B-position. This
process causes lattice distortion, thus leading to a
smaller cell volume and a shift of the (200) diffraction
peak to a higher angle [22]. Interestingly, the (200)
diffraction peaks are observed to be weakly shifted to
lower angles at x > 0.02. This can be attributed to the
fact that Bi ions have complex valence states, such as
Bi®* and Bi°" [24, 32]. When the Ba(BigsTags)O;
content is low, only Bi®" is present, while with the
continuous addition of Ba(BiysTags)Os;, a small
amount for Bi°" appears. The radius of Bi>"
(R =076 A, CN = 6) is similar to Nb°" (R = 0.64 4,
CN = 6) and will preferentially replace Nb>* at the
B-position, resulting in larger cells, and the (200)
diffraction peaks shifting to lower angles. To inves-
tigate the change in the valence state of the Bi ion
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Fig. 1 a XRD diffraction
pattern of KNN-xBBT
ceramics and b magnified
XRD diffraction pattern in the

20 range of 44°—47°
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during this process of adding Ba(BipsTags)O3, the
XPS spectra of Bi 4f for KNN—xBBT (x = 0.02, 0.025)
ceramics were tested and the results are shown in
Fig. 2a, b. For x = 0.02, the raw, sum, and Bi®" curves
almost overlap and only Bi®" centered at 158.95 eV
and 164.26 eV exists. However, from x = 0.02 to
0.025, the Bi 4f broad peak decomposes into two
narrow peaks centered at 157.96 eV, 163.32 eV and
158.42 eV, 163.76 eV, corresponding to Bi°* and Bi*™,
respectively [38, 39]. In addition, Bi*" is observed to
exhibit considerably larger peak areas than that of
Bi’". The results indicate that only Bi’* is present at
lower Ba(Big5Tag5)O3 contents and with the addition
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of Ba(Bij 5Tao.5)O3, a minor amounts of Bi°" appear at
x = 0.025.

Table 1 gives the lattice parameters (including a, b,
¢, V, and c¢/a) of KNN—xBBT ceramics, which were
calculated using jade 6.5 software. With the increase
of Ba(Big5Tag5)O; content, the ratio of ¢/a is always
approaching to 1, which indicates that the phase
structures of the ceramics are all pseudo-cubic pha-
ses. At the same time, the ratio of ¢/a decreases and
then increases, reaching a minimum value of 1.0012
at x = 0.025, which indicates that the structural
symmetry of KNN-0.025BBT ceramic is higher.
Notably, the ratio of c/a is much larger than 1.0012

(b)
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Fig. 2 XPS spectra of Bi 4f for KNN—BBT ceramics: a x = 0.02 and b x = 0.025
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Table 1 Lattice parameters of KNN—xBBT ceramics

x a (A) b (A) c(A) VAY ca

0.01 3.9868  3.9877  4.0056  63.68 1.0047
0.015 39817  3.9859  3.9906  63.33 1.0022
0.02 3.9820  3.9799  3.9897  63.23 1.0019
0.025  3.9850  3.9866  3.9896  63.38 1.0012
0.03 3.9826  3.9922  3.9885  63.41 1.0015

when x = 0.01, indicating that the structural sym-
metry of KNN-0.01BBT ceramic is very poor. In
addition, with the increase of Ba(BipsTag5)O3 content,
the cell volume shows a trend of decreasing and then
increasing, which coincides with the drift direction of
the (200) diffraction peak analyzed in the previous
section.

Figure 3a shows a photograph of KNN-xBBT
transparent ceramics. From Fig. 3a, it can be seen that
all ceramic samples show a high transparency, while
the words underneath the ceramic samples can be
also clearly observed. Figure 3b displays an example
picture of KNN-0.025BBT transparent ceramics. The
“Caution Ventilation” sign behind the ceramic sam-
ple can be clearly seen in Fig. 3b, which indicates that
the ceramic has good potential for applications in the
visible range. To better analysis the variation of
transmittance, the transmittance spectra and trans-
mittance as a function of content (x) for KNN—-xBBT

(a)

x=0.01 0.015 0.02  0.025 0.03

Fig. 3 a Photograph of KNN—xBBT transparent ceramics and
b example picture of KNN-0.025BBT transparent ceramic
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transparent ceramics are shown Fig.4a and b,
respectively. As can be seen in Fig. 4a, when the
wavelength is greater than 400 nm, the transmittance
begins to grow rapidly with increasing wavelength,
reaching a maximum transmittance at 1100 nm. From
Fig. 4b, it can be analyzed that both in the visible
region (780 nm) and in the near-infrared region
(1100 nm), the transmittance of ceramics tends to
increase and then decrease with the increase of x,
showing an obvious composition dependence. This
phenomenon is basically consistent with the pho-
tograph shown in Fig. 3a. Interestingly, when
x < 0.025, the transmittance of ceramics increases
significantly with increasing Ba(BipsTag5)O5 content,
and the maximum transmittance is obtained at
x = 0.025. However, with the continuous addition of
Ba(BipsTag5)O3, the transmittance decreases slightly.
This is due to the decrease in structural symmetry for
ceramics after the addition of excess Ba(BiysTag5)O;3,
which leads to a decrease in light transmittance [15].
Especially, KNN-0.025BBT transparent ceramic has a
good transmittance of 52.8% in the visible range
(780 nm) and even obtain an extremely high trans-
mittance of 67.2% in the near-infrared region
(1100 nm). The ceramic shows great potential for
application in the field of lead-free transparent elec-
tronic devices.

Further studies have shown that the transmittance
of ceramics is close to 0 at wavelengths of 200-
400 nm, which is mainly caused by interband jump-
ing and is related to the optical band gap [15, 40]. The
interband jump of KNN-based ceramics is a direct
jump, which can be calculated by the Tauc formula to
obtain the optical band gap energy (E,) [41, 42], and
the calculation equation is as follows:

(ohv)*= A(hv — Eg), (1)

where « is the absorption factor, v is the photon fre-
quency. The h and A are the Planck constant and
constant, respectively. Therein, the o can be calcu-
lated from the following equation:

(), o

where t is the thickness of the sample and T is the
transmittance of the ceramic. The value of E; can be
obtained by extrapolating the tangent line of the
(ahv)*~hv curve to 0, and the results are shown in
Fig. 5a—e. It can be directly seen that the values of Eg
for ceramics are 2.644 eV, 2.686 eV, 2.858 eV,
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Fig. 4 a Transmittance spectra and b transmittance as a function of content (x) for KNN-xBBT transparent ceramics

2929 eV and 2.871 eV when x =0.01, 0.015, 0.02,
0.025, 0.03, respectively. Figure 5f shows the E, val-
ues of KNN-xBBT ceramics. From Fig. 5f, the Eg of
the ceramics changes significantly as x increases.
Particularly, the value of Eg increases by 0.285 eV for
x = 0.01 to 0.025, indicating the presence of Ba(Biys.
Tap5)O; has an important effect on the energy band
jump in KNN-based ceramics. As is well-known,
light possesses energy. When light passes through
ceramics, the total energy consumption of the inci-
dent light is mainly the energy band jump by elec-
trons, the transmission, and scattering process for the
light. The larger E; helps to decrease the energy
consumed by the process of electron energy band
jumping, thus reducing the energy loss from light
[19, 43]. The results show that KNN-0.025BBT cera-
mic with larger value of E; (2.929 eV) possesses
higher transmittance.

The variation of grain size and grain morphology
can be known by observing the surface micromor-
phology in ceramics. For KNN-based transparent
ferroelectric ceramics, the grain size and density of
the ceramic have a significant impact on enhancing
the transmission [15]. Figure 6a—e show the surface
micromorphology of KNN-xBBT ceramics and give
the statistical results for the particle size distribution
as shown in the insets of Fig. 6a—e. As can be seen in
Fig. ba—e, all KNN-xBBT ceramics possess dense
microstructures, small pore diameters, and relatively
well-distributed grain sizes. However, compared to
KNN-xBBT (x = 0.015, 0.02, 0.025, 0.03) ceramics,
KNN-0.01BBT ceramic has larger particle, pore
diameters, and the distribution of grain size is less
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uniform, while the grain morphology shows the
coexistence with orthorhombic and tetragonal
shapes. This also corroborates the XRD results of
KNN-0.01BBT ceramic in Fig. 1b. With the Ba(Bigs.
Tap5)O5; content increases, it can be clearly derived
from Fig. 6a—e and their insets that the grain size of
the ceramics gradually decreases when x < 0.025. At
the same time, the tightly stacked grains make the
pore size and porosity also gradually reduce. As for
the anomaly at x = 0.03, this is due to the addition of
excess Ba(BipsTaps)O; changing the lattice parame-
ters, thus leading to a slight increase grain size. When
x = 0.025, the ceramics possess smaller a grain size
and dense microstructure, resulting in a uniform
grain size distribution and fewer residual pores. In
this case, it is beneficial to reduce light scattering, and
leads to more light through the ceramics, which can
effectively improve the transmittance of the ceramics.
For better analysis of the variation in grain size, the
average grain size of KNN—-xBBT ceramics is shown
Fig. 6f. With increasing content of x, the grain size in
ceramics first decreases from 173.95 nm at x = 0.01 to
98.48 nm at x = 0.025, and then increases slightly to
107.86 nm at x = 0.03, indicating small amounts for
Ba(BipsTag5)O5; have the effect of inhibiting grain
growth. Remarkably, the scattering coefficient
reaches its maximum value when the size of the light
scattering center (such as: grain size, aperture, etc.) is
approaching the wavelength of incident light
(200-1100 nm), whereas refining the grains to sub-
micron level (< 1 pm) is the most effective way for
reducing the scattering coefficient [33, 44]. Therefore,
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Fig. 5 a—e Optical band gap diagrams and f E, values of KNN-xBBT ceramics

KNN-0.025BBT ceramic with smaller grain size
(~ 0.1 pm) possesses higher transmittance.

Figure 7a shows the P-E hysteresis loops of KNN-
xBBT ceramics under 140 kV/cm. As can be seen, all
KNN-xBBT ceramics exhibit saturated P-E hysteresis
loops. With the addition of Ba(BipsTap5)O; and the
value of P, begins to decrease, indicating a weaken-
ing of ferroelectricity [44]. The elongated P-E loop is
a typical feature of relaxed ferroelectrics, which is
beneficial for obtaining the higher energy storage
characteristics [45]. For better analysis of the energy
storage performance, the saturation polarization
(P, residual polarization (P,), energy storage den-
sity (Wreo) and energy storage efficiency (1) of KNN-
xBBT ceramics are shown in Fig. 7b. The Wi, and y
can be calculated from the P-E hysteresis loops
according to the equations below [30]:

Py
Wiee = / EdP, (3)
l)r
Py
W= / EdP, (4)
0
WI'CC
"= x 100%, (5)

where W is electric energy storage density, E is the
electric field, and P is the polarization. As seen from

the integral equation, P,,, and P, have an important
effect on Wye.. From Fig. 7b, it can be seen that P,
and P, show an overall decreasing trend with
increasing x, while W, also shows decreasing trend
in general. However, P, increases rapidly from 12.58
puC/cm? at x = 0.02 to 13.98 puC/cm? at x = 0.025,
while P, increases slightly from 3.31 pC/cm” at
x =0.02 to 3.60 pC/cm? at x = 0.025. This change
causes the W,.. of the ceramics between x = 0.02 and
0.03, there is a kind of leap in growth. This is due to
the small amount of Bi>" which enhances the optical
anisotropy and contributes to improve the electrical
properties in ceramics, such as Py, P;, Wi, etc. In
addition, the 5 value gradually increases with the
addition of Ba(BipsTaps)Os;. The best integrated
energy storage performance is reached at x = 0.025, at
which the Wi and 7 are 0.61]J/cm® and 52%,
respectively.

The small grain size and dense microstructure
effectively improve the dielectric breakdown
strength, DBS [46]. Meanwhile, extremely large Py, is
obtained at high electric field, which is favorable to
improve the Wi of ceramics. Figure 8a, b show the
P-E hysteresis loops of KNN-xBBT (x = 0.01, 0.025)
ceramics at 140 and 200 kV/cm. At 140 kV/cm, the
ceramics exhibit typical ferroelectricity. When the
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Fig. 6 a—e Surface micromorphology, grain size distribution and f average grain size of KNN—xBBT ceramics

electric field is increased to 200 kV/cm, an obvious
“swelling” P-E loop appears at x = 0.01, which is
caused by increased leakage current and the high
residual polarization [47]. However, at x = 0.025, the
ceramics possess the values of high DBS due to the
small grain size and dense microstructure. Therefore,
saturated P-E loops can still be obtained under a
large electric field of 200 kV/cm, indicating that the
ceramics have good electrical properties. The results
show that the DBS value of KNN-0.025BBT ceramic
with smaller grain size is significantly higher than
that of KNN-0.01BBT ceramic with larger grain size.
The DBS values of ceramics with x = 0.01 and 0.025
were tested to be about 200 kV/cm and 230 kV/cm,
respectively. Figure 8c shows the W and # of KNN-
0.025BBT ceramic under different electric fields. As
the electric field strength increases, Wi gradually
increases from 0.61 J/cm?® at 140 kV/cm to 1.417/
cm® at 200 kV/cm, while n overall gradually
decreases from 52% at 140 kV/cm to 42% at 200 kV/
cm. This can be attributed to the extremely high P,
obtained by the ceramic at high electric fields and
exacerbates its energy storage loss, leading to Wiec
increase and 5 decrease. The results show that KINN-
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0.025BBT transparent ferroelectric ceramic not only
obtains extremely high transmittance of 67.2% in the
near-infrared region (1100 nm), but also combines
excellent electrical properties with W, and 5 of
1.41]/cm® and 42%, respectively. In fact, KNN-
0.025BBT ceramic has a higher energy storage density
than the majority of KNN-based transparent ferro-
electric ceramics [14, 15, 21, 26, 28, 30, 33, 46], indi-
cating its potential applications in the field of lead-
free transparent energy storage electronics like
transmission pulse capacitors and memories.

4 Conclusion

a - x)(K0.5N30_5)Nb03—xBa(Bi0.5Ta().5)O3 (x =0.01,
0.015, 0.02, 0.025, 0.03) lead-free transparent ferro-
electric ceramics were prepared by conventional
solid-phase sintering method. With the increase of
Ba(BipsTag5)O5 content, there is a change of phase
structure for the ceramics from orthorhombic phase
to pseudo-cubic phase. While the grain size gradually
decreases in general, reaching a minimum value of
98.48 nm at x = 0.025. Meanwhile, the optical band
gap energy E,; reaches a maximum value of 2.929 eV
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at x = 0.025. Further studies have shown that grain = ceramics. At x = 0.025, the ceramic has a small grain
size, phase structure, and optical band gap energy size, pseudo-cubic phase with high symmetry, and
have significant effects on the transmittance of large optical band gap energy which facilitates the

@ Springer
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ceramics to obtain excellent optical properties, and
gets a very high transmittance of 67.2% in the near-
infrared region (1100 nm). Through Ba(BigsTa5)O3
doping, the ceramics get good comprehensive elec-
trical properties. The ceramic with smaller grain size
and dense microstructure at x = 0.025 has higher DBS
(DBS~230 kV/cm). Under the electric field of
200 kV/cm, the high energy storage density (Wiec.
=1.41]/cm’ and good energy storage efficiency
(n = 42%) are obtained, and at this time the ceramic
reaches the best comprehensive energy storage per-
formance. The results show that (K,sNags)NbOs—
0.025Ba(Big 5Tap5)O3 lead-free transparent ferroelec-
tric ceramics with very high transmittance and
excellent electrical properties are a promising and
potential candidate for application in the field of
lead-free transparent energy storage electronic
devices.
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