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Table 1 Transparency and energy storage density of KNN-based ceramics

Materials T-wavelength t/mm Woeo/ (J-em ™) n/% G/nm Ep/(kV-cm™) Reference
KNN-SSN 66%-900 nm 0.3 2.02 81.4 500 295 [71]
KNN-SZN 73%—780 nm 0.5 1.5 50 136 180 [92]
KNN-EB 50%-800 nm 1.85 69 280 [99]
KNN-KBN 83%—1 600 nm 0.2 3.39 51 100 330 [101]
KNN-SZ 68%—-2 000 nm 0.3 2.81 80 200 370 [97]
KNN-LB 77%—750 nm 0.3 3.6 74.2 145 340 [100]
KNN-BBT 53%-780 nm 0.3 1.41 42 99 200 [98]
KNN-BLN 78%—1 200 nm 0.3 4.39 81.4 109 345 [94]
KNN-BST-Er 72%-900 nm 0.3 3.42 53.5 98 320 [95]
KNN-SSN 85%-1 378 nm 0.15 2.67 60.4 210 395 [10]
KNN-BZZ 67%-800 nm 0.2 2.56 68 261 315 [93]
KNN-BZN 69%—-780 nm 0.1 7.4 74 80 750 [96]

T, t, Wi, #7, G, and E;, correspond to the following: transparency, sample thickness, recoverable energy density, energy storage efficiency, grain size, and

breakdown electric field, respectively.
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Fig. 10 (a) Relationship between transparency and grain size. (b) Plot of recoverable energy storage density versus grain size
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Fig. 13 Mechanism of photochromic modulation of transmittance and photoluminescence
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Table 2 Research progress of KNN transparent electro—optic ceramics
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Extended Abstract

Conventional materials generally have a relatively simple function, and it is difficult to meet the requirement of multi-functional
materials in modern information society. It is necessary to develop multi-functional, high-sensitivity materials and devices.
Transparent ferroelectric ceramic is an advanced multi-functional material, and it can couple optical functions with mechanical,
electrical, and acoustical functions, becoming a research hotspot in materials engineering. Based on the performance characteristics
and applications of transparent ferroelectric ceramics, they are divided into five categories, i.e., transparent piezoelectric ceramics,
transparent electro—optic ceramics, transparent energy storage ceramics, transparent luminescent ceramics, and transparent
photochromic ceramics. Recent efforts are made in the research of multifunctional transparent ferroelectric ceramics.

High-performance electro—optical devices are developed based on the electro-optical effect of transparent ferroelectric ceramics,
and applied to high-speed optical communication and high-power laser modulation. High-performance transparent transducers can be
developed based on their piezoelectric effect and applied to medical photoacoustic imaging, transparent robots, and other fields. As a
dielectric material, transparent ferroelectric ceramics can achieve a high dielectric energy storage performance, which has a great
application potential in transparent supercapacitors, transparent photovoltaic windows, and transparent energy storage coatings.
Transparent ferroelectric ceramics also exhibit good photoluminescence and photochromic properties and can be used in transparent
information storage devices, 3D optical information storage, fluorescent labeling, multi-level encryption, transparent sensors and
displays, smart windows, and other optoelectronic devices. Research work on multifunctional transparent ferroelectric ceramics give
tremendous opportunities for innovation in information technology, medical and health care, new energy, smart technology, etc..

Rare-earth elements (La, Sm) doped Pb(Mg;3Nb,/3)O3;—12PbTiO3; (PMN-PT) transparent ceramics have superior electro—optic
outstanding electro—optic properties (i.c., high transmittance of 70%@NIR, large electro—optic coefficient of 66x107'® m%/V?, low half
wave voltage of 113 V and fast response speed of 10-100 ns). High-performance electro—optical devices, such as electro—optic
switches, Q switches, variable optical attenuators, and tunable optical filters, are developed and commercialized. They can be used in
free-space optical communication, dual-channel optical communication with continuous adjustment of laser intensity ratio, and
continuous control of laser polarization state.

Eu-doped PMN-PT transparent ferroelectric ceramics exhibit a high transmittance (i.e., T=68%) and a superior piezoelectricity
(i.e., d33=1400 pC/N), which are greater than those of other transparent piezoelectric ceramics,. The high-performance transparent
piezoelectric ceramics have promising application prospects in biomedical photoacoustic imaging, transparent robotics, and
transparent loudspeakers. Er-doped and Pr-doped PMN-PT transparent ferroelectric ceramics are proven to have the superior
properties in luminescence at visible and near-infrared wavelengths. Furthermore, the fluorescence intensity is linearally related to
temperature, indicating a potential application of transparent luminescent ceramics in illumination and optical temperature sensors.

(Kg.sNag s)NbO3(KNN) based transparent ferroelectric ceramics exhibit a high transmittance (i.e., T of 69%) and a high energy
storage density (i.e., 7.4 J/em®), a large energy storage efficiency (i.e., 74%), and a great breakdown field strength (i.e., 750 kV/cm).
This has a potential for application in high-voltage transparent pulse capacitors. Element-doped KNN transparent ceramics also have
good photochromic properties. For instance, the maximum luminescence modulation ratio (AR) reaches 92.6% in Tb-doped KNN
transparent ceramics, and the maximum transmittance modulation ratio (ARt) is 70% in Er-doped KNLN transparent ceramics. At
present, the storage life of optical information in KNN-based transparent ceramics prolongs to more than 7 d, indicating that it has a
potential application in optical information storage.

Summary and prospects Transparent piezoelectric ceramics can be used in biomedical photoacoustic imaging, transparent robotics,
and transparent speakers. The existing lead-based transparent ceramics have superior transparency and piezoelectric performance.
However, the microscopic mechanism and corresponding theoretical basis for the coexistence of these two properties are still unclear.
A further research work is needed to provide a theoretical guidance for the development of lead-free high-performance transparent
piezoelectric ceramics. The practical applications of transparent piezoelectric ceramics have not yet been reported, and The relevant
research needs to promote its application in real life. At present, the piezoelectric properties of KNN-based lead-free transparent
piezoelectric ceramics are still rather small and hard to meet the application requirements. Studies on component design, phase control,
and grain manipulation need to develop lead-free transparent ceramics with a high transparency and a high piezoelectricity.
High-performance electro—optical devices are developed based on transparent PMN-PT ceramics, and used in lasers, optical
communications, and quantum optics. Doping rare-earth elements in the A-site is an effective method for regulating the
electro—optical properties of transparent ferroelectric ceramics. However, only a few research work on the electro—optical properties
of KNN and KTN-based lead-free transparent ceramics are reported, and their performance is far from the application requirements. It
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is indicated that improving the electro—optical properties of lead-free transparent ferroelectric ceramics is needed to meet the
sustainability and environmental requirements.

Transparent energy storage ceramics have some advantages in the miniaturization and integration of devices, potentially opening
up opportunities in power electronic converters, new energy vehicles, and pulsed power systems. The energy storage density and
efficiency of transparent ferroelectric ceramics are improved by component design and doping modification to reduce grain size,
enhance breakdown field strength, and enhance relaxation characteristics. However, the subdivision of its specific application field is
still unclear and needed to be explored. The extensive research of effectively combining light transmission properties and energy
storage properties in practical applications should be carried out to develop new multifunctional devices and expand the application
field of transparent energy storage ceramics.

Transparent luminescent/photochromic ceramics have applications in fluorescent labeling and new optical information storage.
Currently, researchers mainly focus on the enhancement of luminescence intensity, photochromic modulation ratio, and response
speed by doping rare-earth luminescent ions or co-doping rare-earth elements with transition metal elements to increase the number of
luminescent centers or vacancy defects. Modulating their luminescence/photochromic performance in electrical field has not done yet.
This can further expand a frontier of transparent luminescent/photochromic ceramics.

Keywords transparent ferroelectric ceramics; piezoelectricity; electro—optics; energy storage; luminescence; photochromism



