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Abstract

Pressureless solid-phase sintering was used to prepare (1 —x)K sNay sNbO;-xSr(In, 5Ta, 5)O5; (KNN-xSInT, x=0.02, 0.03
0.04, 0.05, 0.06, 0.07) ceramics, and effects of SInT doping on the phase structure, microstructure, optical, and electrical
properties in ceramics were investigated. With an increase in SInT content, the structure of KNN-xSInT ceramics gradually
changes from orthogonal to pseudo-cubic . When x=0.04, the near-infrared band (1100 nm) transmittance of the ceramics
reaches 46.92%, and the optical band gap (E,) is 3.11 eV. The maximum dielectric constant (¢,) is 4990 at x=0.02, and a
maximum d;; value of 95 pC/N is obtained at x=0.03. The KNN-xSInT ceramic sample has characteristics of relaxation
ferroelectrics, which is an environmentally friendly, lead-free transparent ferroelectric ceramic.
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Introduction

With the development of multifunctional ceramics, multi-
functional ferroelectric ceramics with excellent ferroelec-
tric, strain, energy storage, and other properties have become
widely used in electronic components such as capacitors
and transducers.! Transparent ferroelectric ceramics have
excellent optoelectronic properties, which can combine
physical quantities such as light, electricity, and mechani-
cal deformation, allowing them to interact with each other,
which results in promising applications within the fields of
communications and integrated circuits.>? (Pb, La)(Zr, Ti)
O; (PLZT), as the typical representative of transparent fer-
roelectric ceramics, has various outstanding electro-optical
effects, which have a wide range of applications in memory,
optical switches, and displays.*> For example, Zhang et al.
exploited PLZT's large residual polarization intensity (P,)
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to enable its application for self-powered UV detectors and
investigated the photoresponse performance of the detectors
in detail.’ Tang et al. proposed a photoelectric electrostatic
compound-driven rotating micromirror using the anoma-
lous photovoltaic effect of PLZT, which has a wide range
of applications in medical imaging, communications and
other fields.” However, the high lead (Pb) content of PLZT
ceramics poses a risk to human health and the environment.®
Therefore, the search for lead-free ceramics that can replace
PLZT ceramics represents a promising research direction.
(Kq.sNay 5)NbO; (KNN) ferroelectric ceramics possess a
high Curie temperature (7,) and a high piezoelectric coeffi-
cient (d;;),”'” making them the best alternative to lead-based
ceramics.' !> However, KNN-based ceramics are typically
not transparent,'® and generally the transparency of ceramics
is affected by multiple factors,'*! including crystal struc-
ture, grain boundary structure, grain size, porosity and impu-
rities. By introducing a second phase, the phase structure
of KNN-based ceramics shifts toward a highly symmetric
pseudo-cubic phase, which improves the transparency of the
ceramics.'®!® Kwok et al. reported that Li and Bi co-doped
(Ky.sNagy 5),_,LiNb,_,Bi O; transparent ceramics were pre-
pared by hot-pressure sintering, the light transmission of
the ceramics reached 60% at 900 nm. The results show that
the pseudo-cubic phase, the diffuse phase transition of the

@ Springer


http://orcid.org/0000-0003-0170-9719
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09920-0&domain=pdf

6914

S.Shietal.

ceramics, and the dense fine crystal structure are all respon-
sible for the high transparency of the ceramics.'’

In this study, SInT was introduced into the KNN matrix
by a pressureless solid-phase sintering method. Replac-
ing Na* (1.39 A, CN=12) with Sr** (1.44 A, CN=12),
which has a slightly smaller ionic radius, and Nb>* (0.64 A,
CN=6) with In** (0.8 A, CN=6) and Ta>* (0.64 A, CN=6),
which has a slightly larger radius.>'®!° By ion substitution
with slightly different radii, promising ceramic phase struc-
ture into highly symmetrical pseudo-cubic phase, producing
ceramic samples with excellent optical and electrical prop-
erties. The effects of SInT content on the phase structure,
microstructure, optical, dielectric, ferroelectric, and piezo-
electric properties of the ceramics were also investigated.

Experimental Procedure

High-purity K,CO; (99.5%), Na,CO; (99.8%), Nb,O5
(99.99%), SrCO; (99.9%), and Ta,05 (99.99%) as raw
materials were used to prepare (1 —x) (K, sNa, s) NbO;-xSr
(Iny sTa, 5)O5 (x=0.02, 0.03 0.04, 0.05, 0.06, 0.07) ceramics
by pressureless solid-phase sintering. Firstly, the raw materi-
als were weighed according to the stoichiometric ratio, and
were then ball-milled for 24 hours using anhydrous ethanol
as ball milling medium. Secondly, the slurry was placed in
a petri dish and dried in an oven at 70°C. The resulting pow-
der was then placed in an alumina crucible and calcined at
860°C for 3 h, and the resulting calcined powder was sub-
jected to a second ball milling for 12 h. Thirdly, the powder
was mixed with a 7 wt.% polyvinyl alcohol (PVA) binder
solution, ground and granulated, and passed through a 100
mesh screen. Finally, the powder was pressed into granules
under a pressure of 5 MPa, and PVA was removed from the
pellet by holding at 600°C, and then sintered at 1220°C for
3 h. The obtained ceramic sheets were polished to a thick-
ness of 0.5 mm to test their optical properties, and silver
electrodes were plated on the surface of the samples to test
their electrical properties.

X-ray diffraction (XRD, D8 Advance, Bruker AXS) and
field emission scanning electron microscopy (FE-SEM,
Quanta 450 FEG, FEI) were used to test the phase structure
and microscopic features of the samples. Optical transmit-
tance of ceramics in the range of 300-1100 nm was meas-
ured with an ultraviolet—visible spectrophotometer (UV-
6100, Metash, China). The hysteresis loops of the ceramics
were tested at room temperature using a ferroelectric test
system (P-PMF, Radiant). The dielectric properties were
measured by a system consisting of a high-temperature test
fixture, a high--temperature test rig, a dielectric test sys-
tem software, and an impedance analyzer (4294 A, Agilent)
with a test temperature range of 0-500°C. The piezoelectric
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constants (d3;, ZJ-3AN) were tested using a quasi-static ds;
measuring instrument.

Results and Discussion

The XRD diffraction spectrum of KNN-xSInT (x=0.02,
0.03, 0.04, 0.05, 0.06, 0.07) ceramics at room tem-
perature and the XRD standard card of KNN ceramics
(PDF#52-1583) are shown in Fig. 1a. Compared with the
XRD standard card of KNN ceramics, all ceramic samples
have a pure ABO; structure with no obvious second phase
generation, indicating that SInT is well introduced into the
KNN matrix to form a homogeneous solid solution. In addi-
tion, it is also found that there is a slight shift in the diffrac-
tion peak, which is caused by the addition of Sr>* and In**
ions into the KNN lattice.!! In order to investigate the crys-
talline structure of the ceramics in detail, the (200) diffrac-
tion peak around 46° is enlarged locally as shown in Fig. 1b.
At x=0.02, the (200) diffraction peak splits into two peaks
(002/020), and the intensity ratio between the two peaks
is close to 2:1, indicating that the ceramic has an orthogo-
nal phase structure.'®?° As the content of SInT continues
to increase, the two split diffraction peaks gradually merge
into one sharp peak, and the phase structure of KNN-xSInT
ceramics gradually transforms to pseudo-cubic phase.?!*?

The lattice parameters (a, b, ¢), ¢/a ratio, and cell volume
(V) of KNN-xSInT ceramics were calculated by the Jade
6.0 software, and the results are shown in Table I. When
x=0.02, the values of the lattice parameters (a, b, c) dif-
fer considerably and exhibit an orthogonal structure, which
is corroborated by the XRD diffraction pattern in Fig. 1b.
However, with the continued addition of SInT, the values
of (a, b, ¢) gradually approach. In particular, the ratio of c/a
gradually decreases, reaching a minimum value of 1.0037
at x=0.04, at which point the symmetry of the ceramic is at
its highest. In addition, with increase in SInT content, lead-
ing to more Sr** (1.44 A, CN=12) replacing Na* (1.39 A,
CN=12), while In** (0.8 A, CN=6) and Ta>* (0.64 A,
CN=6) replaces Nb>* (0.64 A, CN=6),>'%! resulting in a
distortion of the ceramic lattice, leading to a gradual increase
in the cell size. As can also be seen in Fig. 1b, where the
diffraction peaks are shifted to lower angles. It is worth not-
ing that when 0.04 <x<0.05, (200) diffraction peak pro-
duces an abnormal phenomenon of moving to a high angle,
which may be caused by defects.'? Because of the different
valence states of (In, sTa, s)*" and Nb>*, oxygen vacancy
defects will be generated inside the ceramics to maintain the
total valence equilibrium during ion replacement. Oxygen
vacancy presence will lead to the collapse and shrinking of
the NbOg octahedra in the crystalline cell, thus making the
crystalline cell smaller and shifting the diffraction peak to
a high angle.!>%
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Fig.1 (a) XRD patterns of KNN-xSInT ceramics and (b) expansions in the 20 range at 45°—48°.

Tablel Lattice parameters of KNN-xSInT ceramics

X a b c \" (A3) cla

0.02 3.9056 3.9341 3.9774 61.11 1.0184
0.03 3.9404 3.9302 3.9660 61.42 1.0065
0.04 3.9442 3.9468 3.9590 61.63 1.0037
0.05 3.8855 3.9308 3.9495 60.32 1.0165
0.06 3.8816 3.9298 3.9518 60.28 1.0181
0.07 3.8825 3.9292 3.9602 60.41 1.0200

Densification and grain size play an extremely signifi-
cant role in the transparency of ceramics.?* Figure 2 shows
the surface morphology of the KNN-xSInT ceramic sam-
ples with different SInT contents. As can be seen in Fig. 2,
the ceramics show inhomogeneous grains and an arbitrary
distribution of small and large grains. With increase in
SInT content, the grain size of the ceramics gradually
decreases overall, which indicates that the addition of
SInT facilitates the grain refinement process. In addi-
tion, the microporosity of the ceramics shows an increase
and enlargement. However, at x =0.04, the grain size is
evenly distributed and the micropores are small, leading
to a reduction in light scattering and refraction processes.
This is beneficial for obtaining high transmittance. When
x>0.04, the ceramic has an uneven distribution of grain
size and numerous voids, which adversely affects its trans-
parency. Thus, the ceramic exhibits a low transmittance.

From Fig. 3a, it can be seen that the texts beneath all the
ceramic samples are visible, which indicates that the ceramic
samples of all components have some light transmittance
in the visible light band. To further investigate the effect of
SInT content on transmittance, the transmittance analysis
from the visible region (300 nm) to the near-infrared region
(1100 nm) is performed in Fig. 3b. With the increase in SInT
content, the transmittance of the ceramic increases and then
decreases, reaching a maximum value of 46.92% in 1100 nm
at x=0.04. This is consistent with the results of the ceramic
physical diagram. From Fig. 3b, it can be found that the
transmittance of the ceramic is small and close to zero in the
wavelength range from 300 to 400 nm, which is caused by
the ceramic band gap jump.'® By using the Tauc equation, *°
the optical band gap energy (E,) of the ceramic is calculated.
The equation is as follows:

(ahv)? = A(hv — Eg) (1)

where a and /& are the absorption coefficient and Planck's
constant, and v and A are photon frequency and constant. o
can be calculated from the transmittance of the ceramic, and
the equation is as follows:

(7)

where ¢ and T are the thickness and transmittance of the
ceramic sample. The values of E, can be obtained by extrap-
olating the slopes of the ~v—(ahv)? scatter plot to 0, and the

a=lln
t

1
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Fig.2 KNN-xSInT ceramics surface morphology: (a) x=0.02, (b) x=0.03, (c) x=0.04, (d) x=0.05, () x=0.06 and (f) x=0.07.
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Fig.3 (a) Photographs and (b) optical transmittance spectra of the
KNN-xSInT ceramic.

results are shown in Fig. 4. It can be seen from Fig. 4 that
E, of all ceramic samples exceeds 2.65 eV. With increas-
ing SInT content, E, of ceramic samples shows a trend of
increasing and then decreasing. At x=0.04, Eg reaches a
maximum value of 3.11 eV. The transmittance of ceramic
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samples is closely related to the band gap energy. The energy
of light can excite electrons from the valence band to the
conduction band, during which some of the light is lost as
electron jumping, and the remaining light is transmitted or
scattered. If the forbidden bandwidth is large and the light
source is not sufficient to cause an electron jump, the trans-
mittance becomes high.?

Figure 5 shows the dielectric temperature spectra dia-
gram of KNN-xSInT ceramics at temperatures from 0°C to
500°C. At x<0.07, there are two anomalous peaks in the
tested temperature range, corresponding to phase transi-
tions from orthogonal to tetragonal and from tetragonal
to cubic, respectively.?” With increasing SInT content,
the phase transition temperature range of the ceramics
becomes progressively wider, indicating the presence of
diffusive phase transition, which is typical for relaxed
ferroelectrics.?®?” It also shows that the introduction of
SInT enhances the relaxation behavior of the ceramics.!”
When x=0.07, the two dielectric peaks merge into one,
indicating a change in the phase structure, which is con-
sistent with the XRD test results. To investigate how the
SInT content affects the dielectric properties of ceram-
ics, Fig. 6a shows the dielectric temperature spectrum
of KNN-xSInT ceramics at a frequency at 50 kHz. The
Curie temperature (7,) and the trend of the maximum
dielectric constant (g,) with x are shown in Fig. 6b. The
maximum permittivity decreased from 4990 at x=0.02 to
1660 at x=0.07, and the Curie temperature also decreased
gradually from 367°C to 200°C. This is due to the trans-
formation of the crystal structure to a more symmetrical
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Fig.4 Optical band gap diagrams of KNN-xSInT ceramics: (a) x=0.02, (b) x=0.03, (c) x=0.04, (d) x=0.05, (e) x=0.06 and (f) x=0.07.
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Fig.5 The dielectric temperature spectrum diagram of KNN-xSInT ceramics at temperatures from 0°C to 500°C.
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Fig.7 (a) The hysteresis lines (P—E) and (b) trend of P, P, of the KNN-xSInT ceramic with an electric field of 60 kV/cm.

pseudo-cubic phase, which also reduces the ferroelectric-
ity of the ceramics.

Figure 7a shows the hysteresis lines (P-E) of the KNN-
xSInT ceramic sample under an electric field of 60 kV/cm.
All ceramics show saturated and closed hysteresis lines,
with the curves gradually changing from almost rectangu-
lar to almost linear, which further proves that the ceram-
ics gradually become relaxed ferroelectrics.*® The varia-
tion of saturation polarization intensity (P,,) and residual
polarization intensity (P,) in KNN-xSInT ceramic samples
is given in Fig. 7b. It can be seen that with the increase
in SInT content, P,, gradually decreases while P, also
presents a trend of gradual decrease, where the P, value
decreases from 11.2 pC/cm? at x=0.02 to 5.4 pC/cm? at
x=0.07. This indicates that the ferroelectric properties in
ceramics are weakened due to the progressive enhance-
ment of relaxation behavior.?!
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Figure 8 shows the value of the piezoelectric coefficient
(d;3) for KNN-xSInT ceramics. With the addition of SInT,
the d;; value tends to increase rapidly and then decrease
gradually, indicating that a small amount of SInT is added
to facilitate the increase of the piezoelectric coefficient.
A maximum d3; value of 95 pC/N is obtained at x=0.03.
This value is slightly lower than the d;; value for pure
KNN, which is 115 pC/N.?? Although the value of dj; is
slightly reduced, the ceramic still obtains a high Curie
temperature. The favorable optoelectronic properties and
the high Curie temperature indicate the potential applica-
tion of this ceramic in the field of multifunctional opto-
electronic devices over a wide temperature range.

Conclusions

In this experiment, KNN-xSInT transparent ferroelectric
ceramics were synthesized by the pressureless solid-phase
sintering method. With increasing SInT content, the phase
structure gradually changes from an orthogonal phase
to pseudo-cubic phase. The symmetry of the ceramics is
improved and the light transmission is enhanced. At x=0.04,
the ceramic transmittance reaches a maximum of 46.92% at
1100 nm, while the optical band gap reaches a maximum
of 3.11 eV. When x> 0.04, a large grain size and voids are
present at the grain boundaries, which has a negative effect
on the transparency of the ceramic. In addition, the incorpo-
ration of SInT enhances crystallographic symmetry, leading
to a weakening of the electrical properties of the ceramics.
With increase in SInT content, the maximum dielectric con-
stant and P, in ceramic samples shows a decreasing trend.
The maximum dielectric constant decreases from 4990 to
1660, and P, decreases from 11.2 pC/em? to 5.4 pClem?.
A maximum dj; value of 95 pC/N is obtained at x=0.03.
Furthermore, the ceramic samples exhibit the characteristics
of relaxation ferroelectrics. Compared with single crystal
materials and lead-based transparent ferroelectric ceram-
ics, the preparation process is simple, low cost, and suitable
for mass production. Therefore, KNN-based ceramics have
more practical and broad application prospects in the field
of optoelectronic devices.
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