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Abstract: Transparent piezoelectrics are often conceived as fundamentally distinct from conventional 

ferroelectric ceramics. However, this study reveals that transparency can be realized without altering 

the primary chemical framework, but rather through a strategically controlled donor-doping protocol. 

From an inorganic chemical perspective, this phenomenon is rooted in the defect chemistry of ABO3 

perovskites, where donor incorporation synergistically regulates charge compensation, lattice 

distortion, and interfacial sintering kinetics. Aliovalent donor doping induces cation-vacancy formation 

and attenuates local structural distortions, guiding ferroelectric lattices toward a pseudo-cubic state to 

suppress birefringence. Simultaneously, defect-mediated mass transport facilitates liquid-phase-

mediated densification and regulates grain growth, eliminating scattering from residual porosity and 

grain boundaries. Consequently, optical transparency emerges as an intrinsic consequence of coupled 

defect equilibria, phase stability, and sintering dynamics. To validate the generalizability of this design 

concept, we systematically investigated representative donor-doped perovskite series, including Bi3+-

doped KNN and La3+-doped PZT. Crucially, this study introduces a new paradigm that allows 

researchers to transform their established piezoelectric compositions into transparent multifunctional 

systems simply by incorporating donors, rather than abandoning proven materials for entirely new 

systems. Despite their distinct baseline structures, both systems exhibit a unified donor-induced 

transformation into transparent piezoelectric states. Our findings demonstrate that the transparent 

functionality can be integrated into existing piezoelectric systems through strategic modulation of 

defect equilibria and phase stability, providing a general defect-chemical framework for understanding 

and designing multifunctional transparent perovskite piezoelectrics. While this study focuses on 
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establishing the defect-chemical origin of transparency using total transmittance, detailed evaluations 

of haze and in-line transmittance for display and imaging applications are deferred to future study. 

Keywords: Perovskite oxides, Donor doping, Defect chemistry, Polymorphic phase transition, 

Transparent piezoelectrics 

 

1 Introduction 

Since the seminal discovery of piezoelectricity by Pierre Curie and Jacques Curie in 1880 [1-3], 

perovskite ferroelectrics have emerged as one of the most intensively investigated classes of 

inorganic functional materials owing to their strong electromechanical coupling and exceptional 

compositional flexibility[4-12]. Among them, Pb(Zr,Ti)O3 (PZT) and (K,Na)NbO3 (KNN) represent 

prototypical ABO3 systems in which crystallographic anisotropy, defect chemistry, and ferroelectric 

domain structures can be systematically engineered to optimize piezoelectric performance [13-21]. 

Despite decades of extensive compositional optimization, however, many conventional systems are 

now approaching their intrinsic performance limits, implying that further functional diversification 

requires fundamental inorganic chemical principles beyond empirical compositional tuning [22-25]. 

 

Transparent piezoelectrics have recently attracted considerable attention as multifunctional materials 

that simultaneously integrate optical transparency with ferroelectric functionality for applications in 

optoelectronics, sensing, energy harvesting, and bio-integrated devices [10,11,16-21,26-31]. As 

illustrated in Figs. 1 and S1, the realization of such systems requires both crystallographically 

oriented transparent particles (COTP, region 2) and fully dense transparent piezoelectric ceramics 

(TPC, region 3). Furthermore, Fig. S2 suggests that these functionalities can be achieved without 

fundamentally redesigning the parent compositions, implying that optical transparency is not 

restricted to a particular compositional family but rather emerges as a consequence of donor-

controlled defect chemistry. 
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Fig. 1. Schematic diagram of multifunctional applications in transparent piezoelectric ceramic 

materials enabled by compositional design strategy based on donor doping. 

Next-generation energy-harvesting devices, including smart lenses and glasses, haptic interfaces, and 

advanced biomedical systems such as holographic medical visualization, necessitate the prior 

development of “crystallographically oriented transparent particles (COTP, region 2)” and 

“transparent piezoelectric ceramics (TPC, region 3)”. This study demonstrates that these materials 

can be fabricated in a straightforward manner by modulating the donor doping ratio while retaining 

conventional piezoelectric ceramic compositions. This figure includes elements generated using 

Gemini (Google) and DALL·E (GPT-4, OpenAI), based on descriptions provided by the authors. 
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From an inorganic chemical perspective, donor doping in ABO3 lattices simultaneously regulates 

charge-compensation mechanisms, cation-vacancy equilibria, octahedral distortions, and sintering-

related defect chemistry, which conceptually modifies the phase stability and transition behaviors of 

competing ferroelectric polymorphs [15,22,23,32-35]. This process systematically drives the 

crystallographic framework toward pseudo-cubic symmetry while also facilitating transient liquid-

phase formation during high-temperature sintering, consequently enhancing densification and grain-

growth kinetics [32,36,37]. Optical transparency therefore emerges not merely from densification 

itself, but from the coupled transition of phase stability, crystallographic isotropy, and interfacial 

mass transport. 

 

A central yet previously underappreciated aspect of this mechanism is that, when interpreted 

consistently through the framework of inorganic chemistry, the origin of transparent piezoelectricity 

becomes conceptually straightforward, although it has historically been obscured by predominantly 

empirical compositional approaches. Importantly, the critical donor concentration is governed 

primarily by the intrinsic phase stability of the host lattice rather than by the specific chemical 

identity of the dopant, indicating a generalizable defect-chemical design concept across diverse 

perovskite systems. 

 

To experimentally validate this framework, we deliberately selected representative compositional 

series in both KNN- and PZT-based systems and synthesized them under systematically controlled 

donor-doping conditions. Bi3+-modified KNN and La3+-modified PZT were chosen as model 

platforms because they are chemically distinct yet mechanistically complementary systems that 

enable systematic decoupling of defect chemistry, polymorphic phase transition, and densification 

behavior. In KNN-based systems, Bi3+ was specifically selected because its ionic radius (1.36 Å) is 
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comparable to those of the host alkali-site cations Na+ (1.39 Å) and K+ (1.64 Å), thereby enabling 

effective donor incorporation without inducing excessive lattice destabilization. In addition, Bi3+ has 

been extensively utilized as a donor species in the fabrication of transparent piezoelectric materials, 

making it both experimentally and technologically representative for validating the proposed 

framework [38-40]. By contrast, in PZT-based systems, La3+ was selected because donor dopants 

other than La³⁺ capable of producing transparent piezoelectric behavior have not yet been 

successfully established in this material system [41-44]. Across these experimentally fabricated 

compositions, we directly demonstrate that donor doping reproducibly induces optical transparency 

while preserving conventional piezoelectric compositions, thereby demonstrating that the proposed 

defect-chemical framework can describe transparency evolution in representative KNN- and PZT-

based perovskite systems [45]. 

 

Overall, this study establishes donor doping as a general inorganic chemical design principle that 

fundamentally links defect thermodynamics, polymorphic phase transitions, and sintering kinetics. 

By experimentally synthesizing and transparently converting the representative material systems 

introduced above, we directly validate the proposed theoretical framework and demonstrate that 

transparent piezoelectricity can emerge as a general consequence of donor-controlled polymorphic 

phase transitions in conventional perovskite ceramics. 

 

2. Experimental 

“(K0.5Na0.5)NbO3 (KNN) + x at.% Bi2O3” (x=0.0-5.0), “0.975KNN-0.025(Na,Bi)TiO3 (KNN-NBT)+ 

x at.% Bi2O3” (x=0.0-6.0), “(K,Na,Ba)NbO3 (KNBN) + x at.% Bi2O3” (x=0.0-6.0), and 

“(K,Na)(Nb,Sb)O3-CaZrO3 (KNNS-CZ) + x at.% Bi2O3” (x=0.0-2.0) ceramics were synthesized 

through conventional solid-state reaction method. The high-purity powder of K2CO3, Na2CO3, 

Nb2O5, Sb2O3, Bi2O3, CaCO3, BaCO3, ZrO2, TiO2 (≥ 99.9%, Sigma-Aldrich) were mixed in a 
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polypropylene jar with zirconia balls for 24 h. The slurry was dried at 80℃ and then calcined at 850-

900℃ for 3 h. The calcined powders were subsequently milled for 24 h, dried and uniaxially pressed 

into pellets under pressure of 100 MPa. The green pellets were sintered at temperatures ranging from 

1020-1180℃ for 2-10 h. A heating rate of 5 ℃/min was applied, and the samples were furnace-

cooled to room temperature. Single-crystal specimens derived from diverse compositions, including 

KNN + Ba2+, KNN + Ca2+, KNLN + Ba2+, and Mn-KNN-LS + Bi3+ systems, were fabricated via 

conventional ceramic sintering routes. All samples were processed within a sintering temperature 

window of 1050-1100°C. 

 

“(Pb1-xLax)(Zr,Ti)O3 (PLZT, x=8.4-9.0, PZT + x at.% La2O3)” ceramic were synthesized through 

conventional solid-state reaction method. PbO, La2O3, TiO2 (99.9%, Sigma-Aldrich), and ZrO2 

(99%, Kanto Chemical) were used. The mixtures were ball-milled in a polypropylene jar with 

zirconia balls for 24 h. After milling, the slurry was dried and calcined at 900℃ for 2 h. The calcined 

powders were milled for 48 h, dried and then compacted into pellets through cold isostatic pressing 

(CIP) at 200 MPa for 5 min. The green pellets were sintered at 1200℃ for 8 h in an oxygen 

atmosphere.  

 

2.1. Analyses of Microstructure and Crystal Structure 

The crystal structures of sintered specimens were characterized using the patterns of X-ray 

diffraction (XRD, Rigaku, D/max-500VL/PC) with Cu Kα radiation (λ=0.1542 nm). The 

microstructures were observed using scanning electron microscope (SEM, JSM-6610LV;JEOL Ltd., 

Japan). The microstructure and elemental distribution of the KNN ceramic were examined using 

transmission electron microscopy (TEM, JEM-2100F; JEOL Ltd., Japan). 

 

2.2. Property Measurement 
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The sintered specimens were mirror-polished to a thickness of 0.5-1.0 mm using 1.0 μm diamond 

slurry. The bulk densities (ρ) of the specimens were measured by the Archimedes method using m-

xylene as the immersion medium. The samples were poled in silicone oil at 120℃ by applying a DC 

electric field of 4.0-5.0 kV/mm for 30 min and conducted to age for 24 h prior to electrical 

characterization. The piezoelectric constant (d33) was measured using a d33 meter (Product DT-3300, 

Micro-Epsilon Channel), while dielectric properties and impedance spectra were recorded using an 

impedance analyzer (4294A, Agilent Technologies, Santa Clara, CA, USA). The polarization-

electric field (P-E) hysteresis loops were obtained using a standard test system (Precision LC-II, 

Radiant Technologies, USA). Temperature-dependent dielectric constant and loss tangent were 

measured using an LCR meter (HP 4284A) coupled with a programmable temperature-controlled 

furnace (Delta 9023). The optical transmittance spectra were recorded from 200 to 1400 nm using a 

UV-Vis spectrometer (Carry 5000, Agilent Technologies, USA). 
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3. Result and discussion 

3.1. Donor-Induced Structural Transitions and Liquid-Phase Densification in Perovskite 

Piezoceramics 

 

 

Fig. 2. Conversion of conventional piezoelectric ceramics into single-crystalline and optically 

transparent materials via donor doping (sample thickness of KNN: 0.5 mm, sample thickness of 

PLZT: 1.0 mm). 

a-c, SEM (SE) micrographs of KNN ceramics with varying Bi3+ doping concentrations: (a) undoped 

KNN, (b) KNN + 0.8 at.% Bi2O3, and (c) KNN + 3.0 at.% Bi2O3. 

d, Optical images of optically transparent ceramics obtained through donor doping in KNNs and 

PZT. The faint yellow hue occasionally observed in some specimens is generally attributed to defect-

related visible-light absorption and associated color-center formation; however, the origin of this 

coloration was not investigated in this study. 
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PZT has long served as the prototypical piezoelectric perovskite because of its exceptional 

electromechanical coupling and broad compositional tunability, whereas KNN-based systems have 

emerged as representative lead-free alternatives driven by environmental and regulatory considerations 

[46,47]. Despite decades of compositional optimization, however, the development of both systems 

has remained largely confined to conventional opaque polycrystalline ceramics corresponding to 

region 1 in Figs. 1-2 and S3 [32]. In most previous studies, donor incorporation was primarily 

employed as an empirical strategy for tuning dielectric and piezoelectric properties. Although 

substantial advances have been achieved in these functional aspects, the inorganic chemical principles 

governing transparency in donor-modified piezoelectric ceramics remain insufficiently understood, 

particularly regarding the coupled interplay among aliovalent substitution, crystallographic phase 

transitions, defect equilibria, and liquid-phase-assisted interfacial densification. 

 

In the present study, donor incorporation for the realization of transparent piezoelectric ceramics is 

identified as a chemically active parameter that simultaneously governs crystallographic symmetry, 

defect-mediated phase stability, grain-growth behavior, and densification pathways in perovskite 

lattices. As summarized in Figs. 2 and S3-S4, increasing donor concentration induces a sequential 

transformation from conventional polycrystalline ceramics to crystallographically coherent transparent 

domains and ultimately to optically transparent dense ceramics. These donor-induced transparency 

regimes can be systematically classified into three distinct functional categories according to the donor 

concentration and the corresponding structural response of the host lattice. 
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Fig. 3. Donor-modulated polymorphic phase transition and symmetry modulation in KNN 

perovskite ferroelectrics. 

a, Variation of Curie temperature (TC) with donor concentration, indicating compositional control of 

ferroelectric stability via defect-mediated lattice modification.  

b, Donor-induced polymorphic phase transition across rhombohedral (R), orthorhombic (O), 

tetragonal (T), pseudo-cubic (PC), and cubic (C) phases, together with representative XRD patterns 

from selected specimens in Regions 1-3, showing progressive symmetry enhancement and reduced 

structural anisotropy, thereby reflecting defect-lattice coupling in KNN perovskites. 
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The SEM (SE) micrographs shown in Figs. 2a-c and S3-S4 demonstrate that Bi3+ incorporation 

significantly modifies the grain-growth behavior of KNN ceramics. At low donor concentrations, the 

microstructure consists of relatively fine equiaxed grains characteristic of conventional solid-state 

sintering, whereas increasing donor concentration induces pronounced grain coarsening and the 

formation of crystallographically coherent domains. From an inorganic chemical perspective, this 

behavior originates from coupled interactions among aliovalent substitution, defect equilibria, and 

thermodynamically activated alkali volatilization in KNN-based systems, which progressively 

promote localized liquid-phase formation and enhance interfacial transport kinetics during sintering 

[46,47]. Within region 2, these liquid-phase-assisted processes induce abnormal grain growth (AGG) 

and the formation of large crystallographically coherent domains. The detailed mechanism of AGG-

driven single-crystal-like growth has been comprehensively discussed in the previous literature [32]. 

Upon further donor incorporation, however, AGG becomes progressively suppressed, and region 3 

evolves into a highly dense fine-grained microstructure with minimal residual porosity. 

 

KNN-based ceramics exhibit partial melting behavior near 1200°C, as shown in Fig. S5. Therefore, 

when sintering is performed at temperatures slightly below the melting point under conditions 

suppressing excessive alkali volatilization, sufficient liquid phases can be generated without 

catastrophic structural collapse. Under these conditions, residual pores are efficiently eliminated 

through liquid-phase-assisted densification, enabling relative densities exceeding 99.9%, which are 

essential for achieving optical transparency in polycrystalline ceramics. Although the relative density 

cannot be strictly defined by a universal threshold of 99.9%, all specimens exhibiting high optical 

transparency in the present study consistently showed highly dense microstructures with relative 

densities exceeding 99.9%. 
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Simultaneously, donor incorporation induces pronounced polymorphic phase transitions within the 

perovskite framework. As shown in Fig. 3, increasing donor concentration systematically shifts the 

phase constitution toward higher-symmetry structural states accompanied by progressive suppression 

of long-range ferroic distortion. Such behavior reflects donor-induced destabilization of symmetry-

lowered ferroelectric polymorphs through modification of local lattice energetics and crystallographic 

anisotropy. 

 

In ABO3 perovskites, the relative stability of rhombohedral, orthorhombic, tetragonal, and pseudo-

cubic polymorphs is governed by subtle differences in octahedral distortion energetics, ionic 

displacement behavior, and lattice anisotropy. Because ferroelectricity in KNN-based systems 

originates from cooperative ionic displacement and anisotropic BO6 octahedral distortion, aliovalent 

substitution at the A-site can strongly perturb the energetic balance among competing ferroic states. 

Donor incorporation modifies local electrostatic interactions, alters cation-vacancy equilibria, and 

weakens the directional lattice distortion necessary for stabilization of symmetry-lowered ferroelectric 

phases. As a consequence, increasing donor concentration progressively destabilizes orthorhombic and 

tetragonal ferroic order and promotes pseudo-cubic structural characteristics associated with reduced 

lattice anisotropy and suppressed birefringence. 
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Fig. 4. Composition-dependent donor concentrations required for pseudo-cubic stabilization in 

KNN-based perovskites (sample thickness: 0.5 mm). 

a, KNN + 3.0 at.% Bi2O3; b, 0.975KNN-0.025(Bi,Na)TiO3 (KNN-BNT) + 2.0-3.0 at.% Bi2O3; c, 

KNBN + 2.0 at.% Bi2O3; d, (K,Na)(Nb,Sb)O3-CaZrO3 (KNNS-CZ) + 0.6 at.% Bi2O3. The results 

demonstrate that the donor concentration required to induce pseudo-cubic stabilization varies 

systematically with the initial polymorphic energy landscape of each KNN-based composition. 

 

Importantly, Fig. 4 further demonstrates that the critical donor concentration required for pseudo-cubic 

stabilization strongly depends on the intrinsic crystallographic location of the host composition within 

the polymorphic phase landscape. Compositions positioned near polymorphic phase boundaries 

already possess relatively shallow free-energy differences among competing structural states and 
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therefore exhibit intrinsically weakened ferroic anisotropy. In these systems, only a small degree of 

donor-induced perturbation is sufficient to destabilize long-range ferroic order and induce a transition 

toward a pseudo-cubic structure. By contrast, compositions located deep within structurally stable 

orthorhombic or tetragonal regions possess substantially larger energetic barriers against symmetry 

elevation and therefore require significantly greater donor incorporation to induce comparable 

crystallographic transitions. 

 

This compositional dependence is consistently observed across multiple KNN-based solid-solution 

systems in Fig. 4. Systems positioned near rhombohedral-orthorhombic or orthorhombic-tetragonal 

polymorphic boundaries exhibit rapid symmetry transition even at relatively low donor concentrations, 

whereas compositions with robust ferroic distortion retain anisotropic structural characteristics over a 

substantially broader compositional range. These observations indicate that donor-induced pseudo-

cubic stabilization is fundamentally governed by the intrinsic phase stability and lattice susceptibility 

of the host composition rather than by the specific chemical identity of the donor species itself. 

 

Moreover, the structural transformation observed here should not be interpreted as a simple transition 

toward an ideal nonpolar cubic phase. Instead, the pseudo-cubic state appears to involve progressive 

disruption of long-range ferroic coherence while preserving local polar heterogeneity at shorter length 

scales. Such structurally heterogeneous states are consistent with the diffuse crystallographic 

characteristics commonly observed in donor-modified perovskite systems and are particularly 

important for simultaneously suppressing optical scattering while retaining functional 

electromechanical responses. 

 

Accordingly, Figs. 3-4 collectively establish that donor incorporation functions not merely as an 

empirical compositional modifier, but as a chemically active parameter capable of systematically 
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regulating defect chemistry, crystallographic phase stability, ferroic anisotropy, and interfacial kinetic 

behavior in conventional piezoelectric perovskites. These results demonstrate that optical transparency 

emerges through donor-mediated destabilization of long-range ferroic order combined with -liquid-

phase-assisted densification, thereby providing a chemically generalizable framework for transforming 

conventional piezoelectric ceramics into multifunctional transparent materials. 

 

3.2. Donor-driven crystallography and liquid-phase densification in transparent perovskites 

Donor concentration strongly modifies densification behavior through its influence on liquid-phase 

formation during sintering. KNN-based systems exhibit melting behavior near approximately 

1200°C, as shown in Fig. S5. Accordingly, when sintering is conducted slightly below the melting 

temperature, typically within 1160-1180°C, substantial intergranular liquid formation can occur 

while preserving the overall ceramic framework. In KNN ceramics, this liquid phase is generally 

understood to originate from preferential Na volatilization during sintering, which locally produces a 

K-rich liquid phase [22]. Donor addition further accelerates Na volatilization, thereby promoting 

liquid-phase formation [32]. TEM observations (Fig. S6) provide direct evidence for this liquid-

phase-assisted densification mechanism. As shown in Fig. S6a, the ceramic exhibits a highly dense 

microstructure with negligible residual porosity. The TEM image (Fig. S6b) reveals that the Bi-

containing intergranular phase is preferentially distributed at triple grain junctions (TGJs) and along 

grain boundaries (GBs), while a detectable amount of Bi also remains within the grain interiors 

(GIs). Furthermore, the EDS line scan across the TGJ (Fig. S6c) demonstrates pronounced 

enrichment of both Bi and K within the intergranular phase. Considering that liquid formation in 

KNN originates from Na volatilization and that Bi further enhances this volatilization [22,32], the 

observed K- and Bi-rich intergranular phase is considered to represent the retained liquid phase 

formed during sintering. 
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Fig. 5. Optical appearance and structural transition in KNN + x at.% Bi2O3 ceramics. a-c, 

Photographic images representing distinct structural and growth regimes: a, region 1, a conventional 

opaque polycrystalline state; b, region 2, characterized by abnormal grain growth (AGG) leading to 

large-scale single-crystalline domains; and c, region 3, highly transparent state (sample thickness: 0.5 

mm). The transition to region 3 is fundamentally driven by a structural shift toward pseudo-cubic 

symmetry. This phase transition, in conjunction with high densification, eliminates birefringence-

induced light scattering while preserving the piezoelectric properties of the KNN matrix. d, 

Comparative visual transparency and optical quality across various Bi3+-doped perovskite systems. 

The stabilization of the pseudo-cubic phase effectively bypasses the inherent optical limitations of 

traditional anisotropic perovskite structures, enabling the realization of high-performance transparent 

piezoelectric ceramics. 
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The liquid phase plays a direct structural role in eliminating residual porosity and stabilizing an 

ultimately dense microstructure. The preferential accumulation of this retained liquid phase at TGJs 

and along GBs facilitates the filling of residual intergranular pores and capillary channels, thereby 

eliminating internal voids that would otherwise remain as strong optical scattering centers. 

Consequently, the transparent specimens achieve relative densities exceeding 99.9%, effectively 

suppressing porosity-induced light scattering. The retained intergranular liquid phase is therefore 

intrinsically associated with the optical transparency of the final ceramic body. 

 

In addition to the liquid-phase-assisted densification described above, donor-induced 

crystallographic transition provides the second fundamental mechanism responsible for transparency 

in perovskite piezoelectric ceramics. As demonstrated in Fig. 4, different compositional systems 

require substantially different donor concentrations to induce pseudo-cubic stabilization depending 

on their intrinsic crystallographic phase stability. Accordingly, Figs. 5-7 and Figs. S7-S18 examine 

these representative systems in detail, elucidating how donor incorporation systematically transforms 

conventional opaque ceramics into highly transparent piezoelectric oxides through coupled 

modifications of phase stability, defect chemistry, and sintering kinetics. 

 

X-ray diffraction effectively captures structural transitions in KNN-based systems, as the 

orthorhombic distortion within the parent lattice generates clearly distinguishable diffraction peaks. 

As shown in Figs. 5a-c, pristine KNN exhibits characteristic orthorhombic peak splitting associated 

with anisotropic ferroic lattice distortion. Upon donor incorporation, these diffraction features 

progressively merge, indicating systematic suppression of crystallographic anisotropy and 

destabilization of the orthorhombic phase. Beyond a critical donor concentration, nearly 

indistinguishable diffraction profiles emerge, consistent with the stabilization of a pseudo-cubic 

structural state. 
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From an inorganic chemical perspective, this behavior originates from aliovalent substitution within 

the ABO3 framework and the accompanying modification of local defect equilibria. Donor 

incorporation perturbs charge neutrality, increases cation-vacancy concentration, and modifies the 

local bonding environment surrounding the BO6 octahedra. These local structural perturbations 

progressively destabilize the cooperative ionic displacements responsible for ferroic distortion. As 

the donor concentration increases, the free-energy difference between competing polymorphs 

decreases, driving the lattice toward crystallographic states with reduced spontaneous strain and 

lower structural anisotropy. 

 

The suppression of optical scattering caused by birefringence is primarily driven by the donor-

induced shift toward a pseudo-cubic structure. In polycrystalline ferroelectrics, anisotropic ferroic 

distortion generates local refractive-index variations between neighboring grains, resulting in severe 

light scattering. Therefore, progressive reduction of crystallographic anisotropy through donor-

induced symmetry transition is essential for achieving optical transparency. 

 

To further clarify the relationship between the average and local crystal structures, synchrotron XRD 

Rietveld refinement and TEM-EDS elemental mapping were performed, as shown in Figs. S7 and 

S8. The coexistence of one tetragonal and two cubic phases revealed by synchrotron XRD Rietveld 

refinement is attributed to grain-scale compositional heterogeneity arising from the non-uniform 

distribution of K, Na, and Bi. TEM-EDS elemental mapping further confirms grain-to-grain 

compositional heterogeneity, showing variations in the K/Na ratio among neighboring grains and a 

slight tendency for Bi to be enriched in K-rich grains. Such local chemical heterogeneity is expected 

to produce locally different structural stabilities, resulting in an average crystal structure that is best 

described by a multiphase model rather than a single cubic phase. Specifically, grain-scale 
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fluctuations in Bi concentration dictate these local structural variations. Grains with a higher local Bi 

content are structurally driven toward a highly symmetric cubic-like state, whereas grains with lower 

Bi concentration tend to retain the anisotropic tetragonal (T) symmetry. Consequently, the 

macroscopically observed pseudo-cubic phase does not represent a perfectly uniform single-phase 

state but is rather an average structural manifestation of these local compositional and symmetry 

fluctuations. While the presence of polar nanoregions (PNRs) cannot be completely ruled out, the 

current experimental evidence primarily supports grain-scale compositional heterogeneity as the 

origin of the observed structural complexity. 

 

Taken together, optical transparency in these systems originates from the simultaneous suppression 

of two fundamentally different scattering sources: crystallographic scattering arising from ferroic 

anisotropy and microstructural scattering originating from residual porosity. The former is 

suppressed through donor-induced pseudo-cubic stabilization, whereas the latter is eliminated 

through liquid-phase-assisted densification driven by enhanced Na volatilization during sintering. 

The coupled operation of these two mechanisms enables highly transparent polycrystalline 

piezoelectric ceramics, as evidenced by the optical characteristics shown in Figs. 5 and S9. 

 

It should be noted that the optical transmittance reported in the present study corresponds to the total 

transmittance, which reflects the overall suppression of optical scattering arising from donor-induced 

densification and reduced birefringence. In contrast, direct (in-line) transmittance and haze provide 

additional information regarding forward light scattering and image clarity, which are particularly 

important for imaging and display applications. Therefore, although the high total transmittance 

observed here demonstrates the successful realization of transparent piezoelectric ceramics, it does 

not necessarily imply the complete elimination of forward scattering. Residual grain-boundary 

heterogeneity, local compositional fluctuations, and refractive-index variations may still contribute to 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

21 

haze. A comprehensive evaluation of imaging quality through haze and in-line transmittance 

measurements will therefore be an important subject of future studies. 

 

The abnormal grain growth behavior observed in region 2 is mechanistically distinct from the 

transparency mechanism established in region 3. In region 2, liquid-phase-assisted grain-boundary 

migration promotes the formation of large crystallographically coherent domains with reduced 

internal scattering, thereby producing transparent single-crystal-like particles. Because the detailed 

kinetic mechanism governing this abnormal grain growth behavior has already been 

comprehensively reported in the previous literature [32], only representative results are briefly 

presented here together with Figs. S3-S4. 

 

The generality of donor-mediated crystallographic destabilization is further demonstrated across 

multiple KNN-based solid-solution systems summarized in Figs. 6, 7, and S10-S13. Although solid-

solution formation itself influences phase stability through lattice accommodation effects, the present 

results reveal that donor incorporation exerts the dominant influence on symmetry transition. In 

particular, donor doping systematically drives the lattice toward pseudo-cubic symmetry even in 

compositions initially located within multiphase ferroelectric regimes. 
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Fig. 6. Compositional dependence of structural and optical behaviors in KNN-based solid 

solutions as a function of Bi3+ content. a-b, Photographic images and wavelength-dependent 

transmittance of a KNN-NBT and (b) KNBN systems (sample thickness: 0.5 mm). The pristine 

samples initiate from an opaque polycrystalline state (region 1), transitioning toward transparency 

with increasing Bi3+ content. c-d, XRD patterns and corresponding specimen photographs illustrating 

the shift in growth and structural regimes: (c) region 2 of pristine KNBN, characterized by opacity 

due to abnormal grain growth and single-crystalline domain formation, and (d) region 3 of Bi3+-

doped KNBN. The structural shift from region 2 to region 3 is fundamentally driven by a transition 

toward pseudo-cubic symmetry; this transformation eliminates birefringence-induced light 

scattering, thereby enabling the development of high-performance transparent piezoelectric ceramics. 
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Fig. 7. Dielectric and optical characterization of KNNS-CZ + x at.% at.% Bi2O3 and various 

KNN-based transparent systems (sample thickness: 0.5 mm). a, Temperature-dependent dielectric 

permittivity Bi3+-doped KNNS-CZ ceramics. The progressive shift in the Curie temperature (TC) 

serves as a primary indicator of the structural transition toward pseudo-cubic symmetry, a 

modification that is subtle and difficult to resolve via conventional XRD. b, Corresponding optical 

transmittance spectra and photographic images of the KNNS-CZ specimens, demonstrating the 

transition from an opaque state to high transparency as a function of Bi3+ content. c, Comparative 

optical transmittance of various KNN-based solid solutions investigated in this study.  

 

For certain systems, the structural transformation can be unambiguously characterized through 

diffraction analysis alone, as the reduction in symmetry induces distinct and resolvable peak 
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splitting. However, in compositions exhibiting diffuse structural heterogeneity or broadened 

diffraction features, XRD alone becomes insufficient for rigorous structural interpretation. This 

limitation is particularly evident in the KNNS-CZ system shown in Fig. 7 and Fig. S11, where 

diffraction broadening obscures the precise structural transition pathway. 

 

Accordingly, temperature-dependent dielectric permittivity analysis was additionally employed to 

resolve donor-induced phase transition in such systems. As shown in Figs. 7a and S15, systematic 

shifts in dielectric anomalies and progressive broadening of phase-transition behavior reveal gradual 

destabilization of long-range ferroic ordering with increasing donor concentration. These results 

demonstrate that structural transitions mediated by donors in chemically complex perovskites often 

elude rigorous interpretation via diffraction analysis alone, necessitating complementary 

thermodynamic and dielectric characterization. 

 

The KNNS-CZ system provides a representative example of the critical role of liquid-phase-assisted 

densification in achieving optical transparency. As shown in Fig. S16, KNNS-CZ ceramics 

containing 0.6 at.% Bi2O3 exhibit markedly different microstructures depending on the sintering 

temperature. At 1160 °C, the amount of liquid phase is insufficient to completely eliminate 

intergranular pores, resulting in a relatively low relative density of 92.5% and an opaque appearance. 

In contrast, sintering at 1180 °C generates sufficient liquid phase to fill the residual pores and 

achieve nearly complete densification, yielding a relative density of 99.9%. After polishing, the 

highly densified specimen exhibits optical transparency.  

 

Despite the successful realization of optical transparency, KNN-based systems exhibit intrinsic 

limitations in simultaneously maintaining high piezoelectric activity. As shown in Fig. S17, the 

KNNS-CZ composition initially exhibits piezoelectric coefficients exceeding 300 pC N⁻¹ in the 
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conventional opaque state; however, transformation into the transparent pseudo-cubic regime 

reduces the piezoelectric response to below 100 pC N⁻¹. This degradation originates from the 

combined effects of donor-induced grain refinement and progressive suppression of ferroic 

anisotropy. Although a detailed quantitative correlation between the specific donor concentration, 

fine structural parameters (such as phase fractions or c/a ratios), and electromechanical response is 

not systematically established in this study, this decline is phenomenologically consistent with the 

transition toward an average pseudo-cubic lattice with reduced macroscopic anisotropy. 

 

As evidenced in Fig. S18, high donor concentrations substantially increase nucleation density and 

grain impingement, thereby suppressing extensive grain growth and producing fine-grained 

microstructures. Concurrent stabilization of pseudo-cubic symmetry progressively destabilizes long-

range ferroelectric distortion, intrinsically reducing spontaneous polarization and electromechanical 

anisotropy. Thus, while the shift toward pseudo-cubic symmetry is indispensable for suppressing 

optical scattering, it simultaneously imposes a fundamental constraint on the macroscopic 

piezoelectric performance of KNN-based systems. These limitations indicate that achieving 

simultaneous optical transparency and strong electromechanical coupling is intrinsically difficult 

within donor-modified KNN systems. Accordingly, it is necessary to consider alternative perovskite 

systems that offer greater flexibility in phase stability and microstructural development. 

 

In this regard, PZT-based systems provide a fundamentally different crystallographic and kinetic 

environment. Compared with KNN, PZT generally exhibits lower interfacial anisotropy, less faceted 

grain morphology, and more isotropic grain-growth behavior, collectively favoring the formation of 

coarse-grained dense microstructures. Furthermore, the well-established phase instability near the 

morphotropic phase boundary enables highly sensitive crystallographic tuning through donor 

incorporation. 
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Based on these considerations, the donor-mediated transparency strategy was extended to PZT using 

La³⁺ as a representative donor dopant. Due to the robust stability of ferroic distortion in PZT, 

significantly higher donor concentrations are necessitated to drive the pseudo-cubic transformation 

compared to KNN-based systems. Nevertheless, the fundamental mechanism remains identical: 

donor incorporation destabilizes symmetry-lowered ferroic states while simultaneously promoting 

liquid-phase-assisted densification and pore filling. Collectively, these results establish donor-

controlled structural transformation and liquid-phase-assisted ultradensification as generalizable 

design principles for transparent multifunctional perovskite piezoelectric oxides. 

 

3.3. Donor-Controlled Defect Chemistry and Hierarchical Phase transition in Transparent 

PLZT Piezoceramics 

To extend the donor-mediated transparency strategy into a fundamentally distinct inorganic chemical 

regime, La3+-modified Pb(Zr,Ti)O3 (PLZT) ceramics were systematically investigated over a narrow 

compositional interval of x = 8.4-9.0, encompassing the critical transition from a long-range 

ferroelectric rhombohedral state to a pseudo-cubic structural configuration, as summarized in Figs. 8-

10 and S19-S24. This compositional region is particularly significant because it corresponds to a 

chemically frustrated structural regime in which ferroic ordering, polarization anisotropy, and 

crystallographic symmetry become highly sensitive to donor-controlled defect equilibria. Within this 

narrow phase space, subtle variations in donor concentration produce profound changes in 

electromechanical response, optical scattering behavior, and polarization thermodynamics. 
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Fig. 8. SEM (SE) images of transparent PZT + x at.% La2O3 (8.4≤x≤9.0); a, x=8.4; b and d, x=8.5; 

c, x=9.0. Figure 8d is the SEM image of a polished specimen mounted with epoxy, while Figs. 5a-c 

are the SEM image of the surface of sintered specimens. 

 

 

From an inorganic chemical standpoint, La3+ incorporation into the A-site of the ABO3 perovskite 

lattice induces aliovalent substitution accompanied by charge-compensating defect formation. The 

replacement of Pb²⁺ by La3+ perturbs local charge neutrality and is compensated predominantly 

through the generation of A-site vacancies together with partial redistribution of oxygen vacancies. 

These defect equilibria substantially modify the local electrostatic environment surrounding the BO₆ 

octahedra, progressively weakening cooperative Pb-O off-centering and destabilizing long-range 

rhombohedral ferroelectric ordering. Consequently, the crystallographic free-energy landscape 

becomes increasingly flattened, reducing polarization anisotropy and continuously driving the 

system toward pseudo-cubic symmetry. 
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Fig. 9. Compositional variations in electromechanical and ferroelectric responses of 

transparent PZT + x at.% La2O3 ceramics (8.4 ≤ x ≤ 9.0, sample thickness: 1.0 mm). 

Representative polarization-electric field (P-E) hysteresis loops are shown for compositions on either 

side of the compositional boundary region, highlighting the change in ferroelectric switching 

behavior across this narrow interval. The accompanying plots summarize the corresponding 

piezoelectric/field-induced electromechanical characteristics together with the optical 

transmission/haze values at 630 nm, measured before and after poling, thereby elucidating the 

interplay among ferroelectric ordering, poling response, and optical transparency in the vicinity of 

the boundary composition. 

 

 

Unlike KNN-based systems, PLZT exhibits intrinsically lower crystallographic and interfacial 

anisotropy owing to the comparatively isotropic bonding characteristics of the Pb-O-(Zr/Ti) 

framework. As shown in Figs. 8 and S19-S20, this manifests microstructurally as relatively coarse 
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equiaxed grains with sizes on the order of 2-5 μm, substantially larger than those observed in donor-

modified KNN ceramics. Such behavior reflects fundamental differences in interfacial 

thermodynamics and grain-growth kinetics. Whereas KNN systems are dominated by highly faceted 

grain-boundary energetics associated with strong crystallographic anisotropy, PLZT is governed 

primarily by curvature-driven grain-boundary migration with comparatively isotropic interfacial 

energies. Consequently, PLZT sustains continuous grain coarsening even during rapid densification, 

producing highly dense microstructures with reduced intergranular scattering. 

 

It is worth noting that the liquid-phase-assisted densification in the PLZT system is intrinsically 

governed by its defect chemistry. When considering the stoichiometry of [(Pb1-xLax)(Zr,Ti)O3], 

charge compensation through the coexistence of A-site and B-site vacancies inherently yields a slight 

local excess of PbO. At the sintering temperature of 1200 °C, this slight excess of PbO leads to the 

formation of a trace amount of transient liquid phase [48]. This microstructural liquid phase 

significantly expedites the densification process by promoting particle rearrangement and capillary-

driven mass transport, which cooperatively facilitates the observed grain growth and pore 

elimination. 

 

Structurally, the donor-induced rhombohedral-to-pseudo-cubic transformation in PLZT cannot be 

precisely characterized by diffraction analysis alone. As shown in Fig. S21b, the structural transition 

involves extremely subtle lattice distortions and minimal peak splitting, reflecting the near 

degeneracy of the competing crystallographic states. Because the average symmetry of the 

rhombohedral and pseudo-cubic phases remains highly similar, the principal distinction arises 

predominantly from local polar displacements rather than from large-scale periodic structural 

distortions. 
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To more directly probe this hidden structural transformation, polarization-electric field (P-E) 

hysteresis analysis was utilized as a sensitive probe of the ferroelectric free-energy landscape. As 

shown in Figs. 9 and S21a, compositions with x ≤ 8.5 exhibit well-defined ferroelectric hysteresis 

loops characterized by substantial remanent polarization and coercive field, indicative of robust long-

range Pb off-centering and stable rhombohedral ferroic order. In contrast, compositions approaching 

x = 9.0 progressively exhibit slim or nearly linear P-E behavior, consistent with collapse of the 

ferroelectric double-well potential into a weakly polar pseudo-cubic energy state. This continuous 

transformation is qualitatively consistent with a transition toward a weakly polar state, which 

conceptually points to a flattening of the energy barriers, driven by the progressive disruption of 

cooperative dipolar ordering around Pb-centered polar units. 

 

The piezoelectric response evolves concomitantly with this structural transformation. As summarized 

in Fig. 9, the d33 value decreases sharply from 753 pC N-1 at x = 8.4 to 11 pC N-1 at x = 9.0. While 

the precise structural origin and quantitative phase-fraction contributions to this electromechanical 

decline require further systematic investigation, this sharp decrease qualitatively reflects the 

progressive suppression of ferroelastic switching pathways as average pseudo-cubic symmetry 

becomes stabilized. Simultaneously, optical transparency increases because donor-mediated 

reduction of polarization anisotropy suppresses birefringence-induced light scattering. 

 

Importantly, a narrow compositional interval near x = 8.5-8.6 emerges as a structurally 

heterogeneous coexistence regime in which rhombohedral and pseudo-cubic characteristics persist 

simultaneously across multiple length scales. Within this regime, local polar nanoregions remain 

embedded within an average pseudo-cubic matrix, thereby generating a hierarchical polarization 

landscape stabilized by competing defect equilibria associated with La3+ incorporation. Such 
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structural heterogeneity prevents complete suppression of local polar ordering while sufficiently 

reducing long-range crystallographic anisotropy to minimize optical scattering. 

 

 

 

Fig. 10. Comparative performance maps of transparent piezoelectric materials (sample 

thickness of KNN: 0.5 mm, sample thickness of PLZT: 1.0 mm) [42-44,49-59]. 

a, Optical transmittance at 800 nm plotted as a function of specimen thickness for various transparent 

piezoelectric materials reported in the literature. 

b, Piezoelectric coefficient, d33, plotted against optical transmittance, highlighting the trade-off 

between optical transparency and piezoelectric functionality. The red symbols denote the samples 

developed in this study, whereas the remaining symbols represent literature data for PLZT [(Pb1-

xLax)(Zr,Ti)O3]-, KNN-, and other transparent piezoelectric ceramics, including materials processed 

by hot pressing and microwave sintering. These comparisons show that the present materials occupy 

a highly competitive region of the property space, exhibiting an attractive balance between high 

optical transparency and substantial piezoelectric response. 

 

 

As a consequence, compositions such as x = 8.525 and 8.6 simultaneously exhibit substantial 

piezoelectric coefficients of 431 and 180 pC N⁻¹ together with high optical transparency. This 

unusual coexistence of electromechanical functionality and transparency originates from decoupling 
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between local and average structural symmetry: local Pb off-centering preserves electromechanical 

activity, whereas the averaged pseudo-cubic symmetry suppresses birefringence-induced optical 

scattering. 

 

Microstructurally, the relatively coarse-grained nature of PLZT further contributes to enhanced 

electromechanical performance. Reduced grain-boundary density minimizes interfacial pinning of 

ferroelectric domain walls, thereby facilitating domain-wall mobility under external electric fields. In 

contrast to KNN-based systems, where donor-induced grain refinement imposes strong extrinsic 

constraints on domain switching, PLZT accommodates more fully developed ferroic domain 

structures within large grains, enabling efficient electromechanical coupling. 

 

To systematically understand this disparity, the piezoelectric performance can be plausibly 

decoupled into intrinsic and extrinsic contributions. Intrinsically, the strong covalent Pb-O 

hybridization in PLZT is expected to preserve local polar displacements (local Pb off-centering) 

within the nanodomains even under an average pseudo-cubic symmetry. By contrast, in the KNN 

system, Bi3+ substitution likely destabilizes the polar anisotropy of the alkali-site framework, 

plausibly suppressing the intrinsic spontaneous polarization. Extrinsically, the stark contrast in grain 

size is highly likely to play a decisive role. While donor-doped KNN suffers from severe grain 

refinement (typically <1 μm) that is expected to pin the domain walls, PLZT maintains coarse grains 

(2-5 μm) with a low grain-boundary density. This microstructural difference is highly likely to 

preserve high domain-wall mobility and facilitate domain switching under external fields. Therefore, 

it is reasonable to view the retention of a much higher macroscopic d33 in transparent PLZT as a 

consequence of these cooperative factors. 
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Optically, transparency is governed by the simultaneous suppression of crystallographic and 

microstructural scattering sources. As shown in Figs. 9 and S22-S24, the pseudo-cubic x = 9.0 

composition achieves a transmittance of approximately 72% at 800 nm (T/Ttheory = 68.9%, n = 2.5). 

This high transparency originates from the combined elimination of birefringence-induced scattering 

and reduced interfacial scattering within the coarse-grained dense microstructure. 

 

A key outcome of the PLZT system is the breakdown of the conventional inverse relationship 

between optical transparency and piezoelectric activity. Recent studies on transparent KNN-based 

ceramics have demonstrated that the transparency-piezoelectricity trade-off can be mitigated through 

the deliberate engineering of local polarization configurations and multiscale structural heterogeneity 

[60-61]. In particular, controlling the coexistence of high-symmetry average structures and local 

polar regions provides an effective route to preserve electromechanical activity while suppressing 

optical scattering. These findings are consistent with the present results, where donor-controlled 

phase instability in PLZT enables the coexistence of an average pseudo-cubic structure and local 

polar activity near the rhombohedral-pseudo-cubic boundary.  

 

As illustrated in Fig. 10, the present PLZT compositions simultaneously achieve high optical 

transmittance and substantial piezoelectric coefficients, surpassing the conventional trade-off 

behavior commonly observed in both transparent KNN ceramics and previously reported transparent 

PLZT systems. This enhanced multifunctionality originates from donor-controlled phase instability, 

interfacial isotropy, and hierarchical polarization coexistence governed by defect chemistry. 

 

Overall, these results demonstrate that transparent piezoelectric functionality in PLZT originates not 

merely from average crystallographic symmetry control, but from a deeper inorganic chemical 

interplay among defect equilibria, polarization thermodynamics, interfacial energetics, and 
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hierarchical structural heterogeneity. More broadly, the present results establish donor-induced phase 

and defect modulation as a chemically generalizable strategy for designing multifunctional 

transparent perovskite piezoelectric oxides with simultaneously optimized optical and 

electromechanical properties. 

 

4. Conclusions 

This study demonstrates that the transformation of conventional piezoelectric ceramics into transparent 

materials via donor incorporation is dictated by interrelated inorganic chemical processes, including 

defect thermodynamics, crystallographic phase equilibria, and interfacial reaction kinetics. During 

donor-induced optical clarification, aliovalent doping systematically modulates cation-vacancy 

equilibria, local electrostatic potentials, and octahedral distortion energetics within the ABO₃ lattice. 

This conceptually links the defect equilibria with structural modifications, enabling the simultaneous 

orchestration of phase stability, ferroic anisotropy, densification behavior, and optical response in 

KNN- and PLZT-based systems. 

 

Within this framework, transparent piezoelectric behavior in both KNN and PLZT systems is 

qualitatively described by the destabilization of long-range ferroic order in favor of nanoscale 

structural heterogeneity, wherein long-range ferroic order is progressively destabilized in favor of 

nanoscale structural heterogeneity. This transition enables a continuous evolution toward pseudo-cubic 

symmetry, effectively suppressing birefringence-driven scattering while preserving local polar non-

centrosymmetry for electromechanical functionality. These findings define a fundamental inorganic 

chemical origin of transparency in ferroelectric perovskites. 

 

In KNN-based systems, donor-induced phase instability coupled with liquid-phase-mediated 

densification promotes the elimination of residual porosity, yielding highly dense transparent ceramics. 
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In contrast, PLZT exhibits lower crystallographic anisotropy and more isotropic interfacial energetics, 

facilitating sustained grain coarsening and the development of dense transparent microstructures. 

Despite these divergent pathways, both systems are governed by defect-chemical modulation of 

interfacial thermodynamics, establishing a direct mechanistic link between atomic-scale defect 

processes and macroscopic optical transparency. 

 

Accordingly, donor-mediated coordination of defect chemistry represents a generalizable inorganic 

chemical design concept for realizing transparent piezoelectric ceramics across diverse perovskite 

systems. Crucially, this paradigm allows researchers to retain their established piezoelectric 

compositions without abandonment or fundamental redesign; instead, transparent functionality can be 

directly induced by modulating the donor concentration in accordance with the intrinsic 

crystallographic stability of each host lattice. This shifts the focus from exploring entirely new material 

systems to re-functionalizing proven ones through precise defect control. While the present study 

focuses on establishing the defect-chemical origin of optical transparency using total transmittance as 

the principal optical metric, a comprehensive optimization of haze and in-line transmittance for high-

resolution imaging and display applications is formally deferred to future systematic studies. Overall, 

this study establishes a unified defect-chemical and thermodynamic framework for transparent 

piezoelectric perovskites, in which optical transparency and electromechanical functionality are 

synergistically integrated through controlled manipulation of the free-energy landscape. 
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