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1 Introduction

ABSTRACT

Er-doped 0.91(Ko5Nags)NbO3—0.095r(Mgg sTag5)O5 transparent fluorescent
ceramics were prepared according to the traditional solid-phase method. The
(KopsNag5)NbO3; (KNN) ceramics were modified by introducing the second
group elements Sr(MgpsTags)O; and the rare-earth ions Er*t. Transparent
ceramics’ structural, optical, and electrical characteristics as a result of the effects
of Er’*, investigations were done using 0.91KNN-0.09SMT: y wt% Er. Results
show that the representative 0.91KNN-0.095SMT: 0.1 wt% Er ceramics sample
has a light transmittance of 60% in the near infrared (1000 nm) band, and the
optical band gap (Ez) is found to be 2.62 eV. Phase structure analysis has
revealed that the doping of Er’* does not alter the structure of the ceramic’s
pseudo-cube phase. Er-doped KNN-SMT ceramics exhibit better up-conversion
luminescence properties and also retain electrical properties. The Er’* makes
the doped ceramics have luminescence properties upconverting. With the
increase of doping amount, the luminescence intensity of ceramics increases
gradually at first and then decreases. Moreover, the ceramic also has some
features for energy storage.

PbTiO; for photoelectric purposes, have been devel-
oped as single crystals [4, 5]. Technically speaking,

Ceramics that are transparent exhibit outstanding
chemical, mechanical and thermal stability [1-3]. As
technology developed, some materials, such as sap-
phire for IR Windows, YAG (Yttrium aluminum
garnet) for lasers, PZN-PT, and PbZn,,3Nb,,305—
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these single crystals pose a challenge to manufacture,
which is the main factor preventing their use in mass
production, it’s critical to develop low-cost processes
for producing transparent ceramics with suit-
able mechanical and optical qualities [6, 7]
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Transparent pulse capacitors, sensors, storage, and
transparent electronic components are all applica-
tions for transparent ferroelectric ceramics, a type of
photoelectric ceramic that has exceptional optical and
electrical properties [8-11].

Lead zirconate titanate (PZT) and La-doped lead
zirconate titanate (PLZT) are transparent ferroelectric
ceramic materials, which are commonly used in
transparent ferroelectric ceramics, have large piezo-
electric constants, electromechanical coupling coeffi-
cients, and outstanding photoelectric performance
[2, 12, 13]. However, the use of lead-based ferroelec-
tric materials has been restricted or outlawed in
many nations due to the dangers they pose to the
environment and public health, as a result, lead-free
ferroelectric materials have been the focus of studies
on rare-earth luminescence [14, 15]. Due to their large
Piezoelectric constant and high Critical temperature,
lead zirconate titanate (PZT) ferroelectric materials
have been replaced by (K, Na)NbO; (KNN)-based
ceramics, which have received extensive study as
lead-free piezoelectric systems [16-22].

Potassium niobate KjsNagsNbOs; (KNN) is the
prototypical ferroelectric transition metal base mate-
rial without lead, is a solid solution with an
A'"B>*05% perovskite structure of KNbO; ferroelec-
tric and NalNbOj antiferroelectric in a ratio of 1:1. The
ferroelectric and piezoelectric capabilities of the
KNN’s ABOj;-type structure are good [23, 24]. Divalent
ion Doping can affect how ceramic grains form and
improve density, modify the phase structure, and
enhance the electrical properties of ceramic samples by
doping Sr*"(R = 0.144 nm, CN = 12) in the A and B
positions of the second component of KNN ceramics
[1, 25, 26]. Doped Mg** can obviously improve the
optical electric conductivity [27, 28], doping Ta’"
makes dense ceramic, ferroelectric, piezoelectric,
improved [29]. In order to attain high transparency,
ferroelectric ceramics can have their grain polished,
their porosity decreased, and their density raised with
the addition of rare-earth ions (Re®*") [30]. In Srs.
YLi(PO,);F ceramics, co-doping of Ho>* and Eu®" can
create deep traps that enhance the color contrast, Eu®"
doped KNN can create a deeper trap, enabling it to get
a quicker response time and higher contrast in the color
rendering [31, 32]. It is well-known that rare-earth
elements are added to piezoelectric materials to
enhance their electrical characteristics. These sub-
stances can also be utilized in luminous materials as
active ions. Since rare-earth elements like Pr, Er, Eu,
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and Ho-doped in KNN ceramics, they exhibit lumi-
nous qualities. Fluorescent transparent ceramics are
fluorescent materials based on transparent ceramics
that have been doped with various trace rare-earth
elements to produce light that emits various colors
when excited by light, primarily up-conversion (UC)
and down-conversion (DC) luminescence [3, 33-35].
Under the excitation of lower energy long wave, the
emission of higher energy short-wavelength light,
with this property of materials are called up-conver-
sion luminescent materials [36]. The up-conversion
luminous materials provide high conversion effi-
ciency, great absorption capacity, and stable physical
and chemical properties [37, 38]. The choice of sub-
strate material is very important, because the lumi-
nescence efficiency of up-conversion luminescent
material is mainly affected by the crystal structure and
anion of substrate material, and the coordination
number, ion spacing and spatial structure position also
affect the crystal structure [39]. The matrix of up-con-
version luminescent materials is mainly sulfide, fluo-
ride, halide, oxide and fluorine oxide materials.
Among these, the oxide exhibits strong temperature
resistance and, for the most part, relatively
stable properties. When rare-earth oxides are properly
doped, they can increase the luminous intensity of
ceramics, and rare-earth ions’ distinct energy level
structures can provide optical characteristics [40]. The
rare-earth doping type and lattice matching of the
substrate material are also important. Appropriate
radius of doped with rareearth ions also has the char-
acteristics of the low phonon energy, lower phonon
energy can improve the luminous efficiency. In con-
clusion, to improve luminescence characteristics to a
greater extent, it is necessary to get closer to the rule of
rare-earth doping [41]. Up-conversion luminescent
materials have promising applications in optical disc
technology, information processing, medical diagno-
sis, optical fiber amplifier and anti-counterfeiting.
Sr(Mg1,3Taz/3)0;5 (SMT), the second component’s
solid solution greatly slows down grain growth in this
study’s experiment, causing the ceramic sample’s grains
to expand to nanoscale size and significantly enhancing
the ceramic sample’s transmittance [42]. Appropriate
addition of Er’* can also improve the luminescence and
electrical properties of transparent KNN-SMT ceramics,
which can be efficiently applied to high performance
multifunctional optoelectronic devices. The traditional
solid-phase sintering procedure was used to prepare Er-
doped 0.91KNN-0.09SMT transparent ceramics.
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Investigated were how Er’" doping affected the
ceramics’ phase structure, transmittance, photolumi-
nescence, and ferroelectric characteristics.

2 Experimental details

Using a traditional solid-phase approach, 0.91KNN-
0.09SMT: y wt% Er (KNN-SMT: Er,y = 0.1,0.2,0.3,0.4,
0.5, 0.6, 0.7, 0.8) was created. Anhydrous ethanol and
ZrO, beads were used as the ball-milling medium in
tanks that were filled with the feedstock, including
K,CO5 (99.5%), Na,COz; (99.8%), NbyOs (99.99%),
5rC0O3(99.9%), MgO (99.9%), Ta;0s5 (99.9%), and Er,O3
(99.99%). To further mix the ingredients evenly, the
powders were ball-milled for 12 h, calcined at 860 °C
for 3 h, and then ball-milled again for 12 h to further
mix the ingredients uniformly. Dried, thoroughly
ground and sieved, to improve the fluidity of the
powders, and then thoroughly agitated with polyvinyl
alcohol with the mass fraction of 6 wt%. Once dried,
completely ground and sieved, pressed into crude
blanks of 12 mm diameter and 1 mm thickness under
uniaxial pressure at 5 Mpa, and then maintained at
600 °C for 2 h to unload polyvinyl alcohol, and then
sintered at 1170 °C for 3 h in order to fire the pellet
body in the sintered ceramic sample, 0.3 mm of pol-
ishing was applied to the acquired samples.

X-ray diffractometer (XRD, D8 Advance, Bruker)
determined the phases of the KNN-SMT: Er ceramics.
The microstructure was viewed using a Field Emission
scanning electron microscope (Quanta FEG-450, FEI
Company, USA). UV-Vis spectrophotometer (UV-6100,
Metash, China) measured the transmittance of light at
400-1000 nm from samples polished to a thickness of
0.3 mm. The ferroelectric system (TF Analyzer 2000HS,
Germany) was used for testing of the hysteresis (P-E)
buckles. Spectrophotometer (SENS-9000A, Zolix) con-
ducted the measurement of fluorescence spectra under
980 nm excitation. The temperature-dependent dielec-
tric properties were measured by a precision impe-
dance analyzer (Agilent 4294A, USA).

3 Results and discussion

The optical transmittance spectra for Er-doped
0.91KNN-0.09SMT ceramics are displayed in Fig. 1a,
ceramics Er-doped 0.91KNN-0.09SMT have a trans-
parency of 44% to visible light (780 nm) and 60% to near
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Fig. 1 a The variation curves of transmittance (%) with
wavelength (nm) in the range 400-1000 nm. b Photograph of
the KNN-SMT: Er transparent ceramics

infrared light (1000 nm) with an Er’* doping concen-
tration of 0.1 wt%, the ceramic has a extremely sym-
metric pseudo-cubic phase arrangement that renders it
isotropic to light and lowers the quantity of light
refraction at the grain frontiers. Er’* doping changes the
lattice of the ceramic, resulting in lattice expansion or
contraction, affecting the symmetry of the ceramic
structure. The interface reflection between the grains
leads to serious loss of light intensity in the direction of
light propagation. y = 0.6, the transmittance at 1000 nm
is 40%; y > 0.8, the transmittance decreases to the
minimum value, with the transmittance of 13% at
400 nm and 21% at 1000 nm. Therefore, the transmit-
tance decreases with the increase of doping amount. In
Fig. 1b shows the photographs of the ceramics (0.3 mm
thickness), the lettering under the ceramics gradually
blurs as the Er>* content increases, which also indicates
that the addition of rare-earth significantly reduces the
transparency of the ceramics, especially when y > 0.6.
The ceramic maintains its exceptional pellucidity
despite the reduction in light transmission. Tauc equa-
tion can be used to determine the optical bandgap
energy (E,) from soaking up spectra, E, is related to the
absorption coefficient « as follows:

(ehv)*= A(hv — Ey), (1)

where h is Planck’s constant and v is the frequency of
the photon, the constant A. In addition, using the
transmittance T, o can be determined as follows:

@ Springer



1038 Page 4 of 16

80
= y=0.1 Eg=2.62eV
e y=0.2 Eg=2.57eV
— r y=03 Eg=2.51eV
g v y=0.4 Eg=2.48eV
“'5 sk y=0.5 Eg=2.44 eV
s <« y=0.6 Eg=2.38eV
= y=0.7 Eg=2.33eV
X 3l - y=08 Eg=229eV
=
3
=~ 16}
0 [ ,
1.2 1.6 2.0 2.4 2.8 32

hv (eV)

Fig. 2 Plots of («hv)? versus hv, energy band gap E, for the Er-
doped 0.91KNN-0.09SMT ceramics

a=-In= (2)

where t is the thickness of each tested sample [43].

Based on the ceramics’ ability to transmit light
illustrated in Fig. la, calculated and displayed in
Fig. 2 is the E; of Er-doped 0.91KNN-0.09SMT
ceramics. The E; of ceramics Er-doped 0.91KNN-
0.09SMT is 2.62 eV, comparable to the pure KNN
ceramic’s Eg of 2.63 eV. However, when y = 0.8, the
Eg is decreased to 2.29 eV. The ion substitution in
0.91KNN-0.09SMT ceramics doped with Er changes
the electron occupancy state of the ceramics. Due to
the increase of Er, the original equilibrium state is
broken, and the energy band of ceramics also chan-
ges. The electron transition must take in sufficient
energy. When the band gap is larger, some electrons
will be blocked from the transition behavior, so more
energy will be used for optical transmission, thus
reducing optical loss. The lower Eg is more likely to
transfer electrons from valence bands than the higher
E,;, conversely, uses less energy for optical trans-
portation, thus leading to the decline of the light
transmission ability of ceramics. It can be seen that
the Er’" can change the ceramic band gap, and that
the E; lowers as the Er’* doping level rises, deterio-
rating ceramics’ ability to transmit light.

The XRD patterns of the Er-doped 0.91KNN-
0.09SMT ceramics in the 20 range of 20°-80°are dis-
played in Fig. 3a. Since the positions of all the peaks
correspond to the standard map (PDF # 80-2497), and
no impurity phases could be seen within the
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detection resolution of the XRD analyzer. As a result,
it may be assumed that the dopant ions Er’* have
spread into the crystal lattices and created a solid
solution that was stable with 0.91KNN-0.09SMT. The
XRD patterns in the range of 45°-46.5° and Ta peaks
above 60° were amplified to obtain greater peak
details, as depicted in Fig. 3b and c, the fact that the
diffraction peaks (200) and (220) do not split shows
that the ceramics Er-doped 0.91KNN-0.09SMT pre-
serves the pseudo-cubic phase’s crystal structure.

In order to study the crystalline structure of the
ceramics, the calculated lattice parameters of a, b, c,
and the c/a ratio of the KNN-SMT: Er ceramics using
the Jade 6.0 software package from the XRD data are
provided in Table 1. When Er’* (R =0.089 nm,
CN =12) enters the lattice of 0.91KNN-0.09SMT
ceramics, and the closest ion to it is Mg2+
(R = 0.072 nm, CN = 6), Ta’" (R = 0.064 nm, CN = 6)
and Nb>* (R =0.064 nm, CN = 6), the three ions
undergo the swap and taking up the B-sites of the
ceramic lattice, Er’" has a slightly larger ionic radius,
leading to the expansion of ceramic lattice, the
diffraction peaks of XRD are shifted to a lower angle
in the first instance. The amount of Mg®* is minimal,
and Ta’* and Nb°" will be substituted when the
amount of Er’* used for doping grows, the trivalent
ions replace the pentavalent ions, increasing the
anion gap, resulting in the shrinkage of the ceramic
crystal lattice. Therefore, the Ta peak and (200)
diffraction peak shift from low to high angle with the
Er-doped.

To further investigate the effect of ion substitution
in KNN-based crystals, Fig. 4a shows the Raman
spectra of KNN-SMT: Er ceramics in the range of 100
to 900 cm™! at room temperature. The Raman spec-
trum of KNN-based ceramics has 6 vibration modes:
Aqg, Eg, 2Fy, Fg and Fpy [44]. Peaks below 200 cm ™'
can be attributed to the translation mode of Na™/K*
cations and rotation of the NbOg octahedron. The
NbOg octahedron F,, mode may also appear in this
region, but its vibration is weak and almost flat with
the baseline. The vibration mode F;, below 300 cm ™!
can be identified as the vibration of A-site ions. When
y =01, Raman spectra within the range of
500650 cm ™! can fit two peaks, namely A;, vibration
mode near 612 cm ™! and E,(v;) vibration mode near
555 cm™!, however, due to the increase of Er doping
amount, the acromial 515 cm™! on the left side of V3
began to protrude. In order to further study the
changes in ceramic structure, the Gaussian fitting
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Table 1 The lattice parameters of 0.91KNN-0.09SMT: y wt% Er
ceramics

y a (A) b (A) c(A) v (A% cla

0.1 3.9671 3.9677 3.9683 62.46 1.0003
0.2 3.9666 3.9676 3.9695 62.46 1.0007
0.3 3.9669 3.9677 3.9694 62.47 1.0006
0.4 3.9676 3.9680 3.9678 62.47 1.0001
0.5 3.9676 3.9677 3.9684 62.47 1.0002
0.6 3.9706 3.9701 3.9714 62.60 1.0002
0.7 3.9645 3.9617 3.9620 62.22 0.9994
0.8 3.9619 3.9590 3.9593 62.10 0.9993

method was used to fit the peaks at 500-650 cm ™" in
Fig. 4b. It can be seen that v; shifted to the low
wavenumber. With the increase of Er*" doping, the
ion spacing inside the NbOg octahedron becomes
longer and the interaction force decreases. When
y = 0.6, the lattice cell volume reaches its maximum;
when y > 0.6, v; value increases, which is because
Er*" starts to replace cations, shortening ion spacing
between NbOy octahedrons, increasing bond energy,
and strengthening ionic bond interaction. Figure 4c
shows the Raman spectrum v; peak shift and FWHM
of KNN-SMT: Er ceramics with different Er doping
amounts. FWHM is the half-peak width of v;. In
KNN, the reduction of FWHM in v; mode is due to
the migration of NbOg octahedron to low
wavenumber, which weakens the interaction and
effectively alleviates the lattice distortion. The char-
acteristic peaks changed from flat at the beginning to
sharp. Lattice defects caused by Er doping lead to the

gradual sharpening of the two peaks on the left and
right sides of v;. Also due to the increase of impurity
caused by doping, the ceramics turned to asymmetric
structure.

Figure 5 presents SEM images of the Er-doped
0.91KNN-0.095SMT ceramics. The grains of the Er-
doped 0.91KNN-0.09SMT ceramics grew very firmly
and with a good compactness, which is why they all
have good transparency, according to the mor-
phologies of the samples on the free surface. Doping
before and after Er’", the grain shape differentiation
of ceramics is not obvious, ceramics’ grain morphol-
ogy is fuzzily defined, which is primarily cubic grain.
If the ceramic is over-doped with Er®* the growth of
the grains is slowed, a few tiny erratic-shaped parti-
cles appear on the surface, the grain boundaries blur,
and the density of the ceramic decreases due to the
microstructure. Figure 6 shows the effect of Er’"
doping amount on ceramic density. The ceramic
density measurement formula is shown according to

Eq. 3):
4m
p= T2h 3)

m is the quality of the ceramic; & is the thickness and
d is the diameter. When y = 0.1, the density is 4.03 g/
cm®, and as the Er doping amount increases; the
density is 3.73 g/cm’ when y = 0.8. It can be seen that
when more and more Er is added, the density of
ceramics becomes lower and lower, showing an
obvious downward trend. The rationale is that add-
ing heterogeneous Er prevents densification, which

causes the density to drop and, as a result, the light
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Fig. 4 a Room-temperature
Raman spectra of the
0.91KNN-0.09SMT: y wt%
Er ceramics doped with
various concentrations of
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transmittance to drop. Moreover, the presence of
uneven particles and pores will lead to the intensifi-
cation of the scattering characteristics of light through
transparent ceramics, weakening the ability of the
ceramic to transmit light. As the doping quantity of
Er’' increases, the grain size distribution of the
ceramics becomes progressively more concentrated.
Both over-sized and wundersized grains have
decreased. The overall trend can also be exhibited in
the line in Fig. 7a-i. In Fig. 7i, it can be seen from the
SEM photographs that the formation of ceramic grain
was aided by the trace Er’", where the average
ceramic grain size increased from 0.174 to 0.193 um
from y = 0.2 to 0.3. In ceramics, sufficient Er’" doping
results in the emergence of widely spaced grain
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boundaries, which will impede grain growth. When
y > 0.3, which decreases from 0.193 to 0.133 pm for
KNN-SMT: Er. Due to the fact that the grain size is
much lower than the visible light wavelength
(400-900 nm), the optical transparency of the KNN—
SMT: Er ceramic is greatly enhanced from y < 30% to
y > 50%. In summary, the main factors contributing
to the drop in the transmittance of ceramics are the
establishment of more grain boundaries, the decline
in density, and the continual reduction of grain size.

In Fig. 8a, the P-E hysteresis loops of KNN-SMT
ceramics doped with different amounts of Er’"
obtained at the same electric field of 80 kV/cm. As
can be seen, the electric hysteresis loop in the figure is
characterized by “slender”, which is consistent with
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Fig. 5 a-h SEM
morphologies of the KNN—
SMT: Er ceramics

the curve characteristics of relaxation ferroelectric
materials and has high energy-storage efficiency. All
Er-doped KNN-SMT ceramics exhibit P-E loops at
saturation, it can be seen that after Er’* doping, the
ceramic P-E loops become narrower and it is seen
that the rectangularity gradually decreases, indicat-
ing that Er’* diminishes the ferroelectric property
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and enhances the relaxation property of the ceramics.
Er’* has the potential to fine-tune ceramic grains.
Larger grain boundaries will restrict the mobility of
domain walls, which also degrades the ceramics’
ferroelectric properties. The maximum and residual
polarization intensities P, and P, of ceramics con-
tinuously decrease as the amount of Er’* doping

@ Springer
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Fig. 6 Line chart of the density change of KNN-SMT: Er
ceramics with different erbium doping amounts

increases. The fluctuation of ceramics’ polarization
intensity with increasing Er’* doping levels is
depicted in Fig. 8b. The graphic shows that the P,
and P, both significantly dropped, the doping quan-
tity rose from y = 0.1 to 0.2, causing the values of 16.4
C/cm? and 2.89 C/cm? to decrease to 12.6 C/cm?® and
1.54 C/cm? respectively. Polarization gradually
decreases and follows a similar changing trend after
y > 0.3. Figure 8a shows that the small coercive
electric field E. and the existence of polar nano
regions makes the P-E loops became slimmer,
because of the narrow P-E loops lead to less energy
loss, which demonstrated the superior stability of
energy-storage for KNN-SMT: Er ceramics. Using
Eq. (4), it is possible to determine the ferroelectric
ceramic’s energy-storage density W based on the P-E
hysteresis loops:

Py
W= / EdP, 4)
0

where P refers to the polarization and E to the electric
field, following Eq. (5) can be used to calculate the
recoverable energy-storage density W,

Py
Wiee = / EdP (5)

P,

Energy-storage efficiency 5 is another important
measure for evaluating how well materials store
energy, and it may be computed using Eq. (6):
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Wrec _ Wrec
W Wrec + Wloss

n= x 100% (6)
The W and W, values of the KNN-SMT: Er
ceramic samples are determined to be less than the
critical failure strength using the P-E hysteresis loops
of the KNN-SMT: Er ceramic samples as well as the
equations stated above. Studying the energy-storage
capabilities of ceramic samples with varying Er’"
doping contents [42]. Figure 8b was used to represent
the energy-storage property of KNN-SMT: Er cera-
mic. As Er’" is added, W,.. becomes more like the
ceramic polarization change rule and has a general
declining tendency, where W, and 7 are the energy-
storage density and efficiency, while for y = 0.1 and
0.20, Wyee = 0.75 J/cm®, iy = 68.9% and W = 0.45 ]/
cm®, n = 71.4%, respectively. At y = 0.1, the KNN-
SMT: Er ceramic’s energy-storage density maximum
value is attained, and when y = 0.2, the KNN-SMT:
Er ceramic’s efficiency maximum value is attained.
The KNN-SMT-Er curves measured at 1 kHz,
10 kHz, and 100 kHz, respectively, and the permit-
tivity and dielectric loss as a function of temperature
are shown in Fig. 9, with the test temperature ranging
from ambient temperature to 500 °C, which shows
the results of the experiment. The diagram shows that
the ceramic dielectric peak T,,, which corresponds to
the maximum dielectric constant ¢,, appears in the
test temperature range. y = 0.1, Curie peak T,,.
= 36.9 °C, while the maximum ¢,, to 1173, and the
frequency dispersion, which is caused by the relax-
ation of ceramics. The position of T, barely varies,
which indicates that doping Er’* has no discernible
impact on the phase transition of ceramics and the
phase transition temperature of various components
is constant at roughly 46 °C, with more Er’* doping,
ceramics” maximum dielectric constant varies. Due to
the modest quantity of doping, ceramics’ dielectric
constants tend to increase, with y =02 and ¢,.
= 1539. When y > 0.3, the maximum dielectric con-
stant continuously declines while the dielectric loss
gradually rises. This phenomenon indicates that a
large amount of Er’t doping will weaken the
dielectric characteristics of ceramics. Er’" enters the
lattice of KNN-SMT ceramics and replaces the ions at
the B-site causing the ceramic lattice to expand.
Subsequently, the stability of the octahedral structure
of NbOg is destroyed by the oxygen vacancy created
during the substitution of Ta’>* and Nb”", the cer-
amic’s crystal lattice contracts, which eventually
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«Fig. 7 a—h The average grain size distribution of KNN-SMT: Er
ceramics; i Trend of average grain size of KNN-SMT: Er
ceramics with increasing Er’ ™ doping

causes its maximum dielectric constant to drop as the
quantity of Er’* doping increases. The relationship
between dielectric constant and temperature obeys
the following formula:
1 1 (T—-Tw)

&y P C1 ’ (7)

ém

where C is a constant; ¢, is the dielectric constant at
T,; ¢ is the dielectric constant at T > T,,; 7 is the
dispersion index, which describes the degree of dis-
persion of ferroelectrics at T > T,,. The y value can be
obtained by linear fitting [45].

The ceramics’ dispersion index was determined,
and the findings are depicted in Fig. 10 to help fur-
ther examine the cause of the frequency spread of the
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ceramic dielectric constant. This figure draws the test
frequency of 1 kHz scatter plot and fitting a straight
line, the slope of the straight line is y. With y value to
determine the relaxation ferroelectrics [46]. The ion
doping level increases, which causes the ceramic
sample’s crystal structure to expand and contract,
distorting the local lattice and causing the polar
nanoregion to form. This results in the ceramic sam-
ple’s evident relaxation behavior. According to the
results of the fitting, Er-doped 0.91KNN-0.09SMT
ceramics can be considered to be a relaxation ferro-
electric because the dispersion index values fall
within the range of typical relaxor ferroelectrics.
The up-conversion emission spectra of the ceramics
at 980 nm excitation are shown in Fig. 11a, observe
that the green and red emission bands are present in
the spectrum, and that the brightness of the brilliant
red peak is low, as can be seen in Fig. 11a after
applying magnification. It is clear from Fig. 11b and
the energy transition theory of ceramics up-conver-
sion luminescence that the energy transitions of S,
» = s s> and “F, /2 = s /2 are responsible for the
emission peaks of ceramics at 550 nm and 655 nm,
respectively. The emission peak shape of the ceramics
remains unchanged, that is Stark splitting does not
occur, indicating that the crystal field near Er’" does
not change during the phase transition of the
ceramics. As the amount of Er’* doping grows, the
photoluminescence intensity of ceramics rises, then
falls. As the degree of Er’* doping is varied from
y = 0.1 to 0.4, the light intensity of the ceramic sam-
ples between the two component dots increases.
When y = 0.4, the emission intensity of green light of
ceramic sample reaches the strongest, which is about
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Fig. 8 a P-E loops at 80 kV/cm; b P, P,, W,.. and 1 of KNN-SMT: Er ceramics
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Fig. 11 a Up-conversion luminescence patterns of 0.91 KNN—-0.09SMT: y wt% Er ceramics; b Schematic diagram of the up-conversion

luminescence principle of Er* in ceramics

2 x 10* but the emission intensity of red light is still
quite feeble at this point. Because the symmetry of the
position of Er’" in Er-doped 0.91KNN-0.09SMT
ceramics has a significant impact on the luminescence
intensity of ceramics [47]. When Er’* replaces Mg?",
Ta’* and Nb’*, progressively lost the symmetry of
the crystal structure, so the luminous intensity of
ceramics starting to wane at y > 0.4, even y = 0.7 or
0.8, the samples already have difficulty exhibiting a
typical conversion emission peak. Furthermore, the
up-conversion luminescence intensity of the ceramics
is also affected by the crystal defects; the presence of
a vacancy in the crystal can trap a photon, weakening
the up-conversion emission intensity of the ceramic.

4 Conclusions

Using the traditional solid-phase approach to dope
rare-earth Er’* in KNN-SMT, up-conversion lumi-
nous transparent ferroelectric ceramics were created.
The structure, transparency, up-conversion lumines-
cence, and electrical characteristics of the ceramics
are significantly impacted by Er’" doping. With an
increase in Er’* doping, the transmittance consider-
ably drops from y = 0.1 to y = 0.8, and at 1000 nm, it
drops from 60 to 20%. The doping of Er’* did not
alter the ceramics’ pseudo-cubic phase structure,
which persisted when the maximum luminescence
intensity of 2.0 x 10* was obtained at y = 0.4, but it
did give the ceramics up-conversion luminescence

features. When y =0.1, W, =0.75]/ cm®, when
y =0.2,n = 71.4%. Ceramics are relaxor ferroelectrics,
it is a versatile optoelectronic material.
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