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Abstract  

Lead-free 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 (KNSN-BNKZ0.05) 

piezoelectric films with preferred crystal orientation and enhanced thickness were fabricated on 

silicon substrates from a chemical solution approach. Adequate K excess was introduced to 

obtain a single perovskite phase in the resulting thicker films. The effects of thickness, crystal 

orientation, and structure of the films on the performance were investigated. Outstandingly 

large effective piezoelectric strain coefficient up to 250 pm V-1 was demonstrated over a 

macroscopic scale using a laser scanning vibrometer in the [100]-KNSN-BNKZ0.05 film with 

an enhanced thickness of 2.7 µm, competitive to the benchmark oriented PZT films on silicon. 

Atomically-resolved electron microscopy revealed the coexistence of oriented ferroelectric 

rhombohedral (R) and tetragonal (T) phases at the nanometer scale with gradual polarization 

rotation, which can lower the domain wall energy and facilitate the large piezoelectric response. 
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The increased film thickness reduced the in-plane mechanical clamping to enable more free 

deformation in the thickness direction and improve domain wall mobility, both further 

contributing to enhanced piezoelectric response. 

1. Introduction  

High performance piezoelectric thin films are demanded for applications in many 

miniaturized electromechanical sensors, actuators, and energy harvesters, including micro-

electromechanical systems (MEMS).[1-5] In the past few decades, lead zirconate titanate (PZT) 

thin films with excellent piezoelectric properties have dominated the commercial market of 

piezoelectric thin film devices. However, the high content of toxic lead composition in PZT 

raises environmental and human health concerns, thus increasing efforts are made to develop 

high performance lead-free piezoelectric thin films as replacements.[6-16] Among lead-free 

piezoelectric ceramics, potassium sodium niobate, (K, Na)NbO3 (KNN), is one of the most 

promising candidates with competitive piezoelectric properties over a broad temperature range, 

as obtained in KNN-based bulk ceramics by constructing phase coexistence with complex 

chemical compositions.[17-22] Compared to the bulk counterparts, it is much more challenging 

to achieve excellent piezoelectric properties in KNN-based thin films, because of the difficulties 

in controlling composition and phase coexistence with much more severe volatility issues, and 

more complicated stress and thickness effects.[6, 13, 16, 23-25] 

Our previous work provided an important technical solution to the above problems and 

achieved a very high effective piezoelectric strain coefficient, 𝑑33
𝑒𝑓𝑓

 of 184 pm V-1 in solution-

derived KNN-based thin films, with a complex lead-free composition of 0.95(K, Na)(Sb, 

Nb)O3-0.05(Bi, Na, K)ZrO3 (KNSN-BNKZ0.05).[16] However, there was still a gap between 

this value and the highest 𝑑33
𝑒𝑓𝑓

 (200-340 pm V-1) as reported in [100]-oriented polycrystalline 

PZT thin films on silicon.[26] The multi-phase coexistence structure was not observed directly, 

although numerical simulation and XRD results indicated the overall presence of different 
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phases in the films. This work aims to demonstrate outstanding piezoelectric performance in 

lead-free 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 (KNSN-BNKZ0.05) 

films, competitive to the best PZT films on silicon, and develop an in-depth understanding on 

the underlying mechanism for their superior piezoelectric properties. Here we report an 

outstandingly large effective 𝑑33
𝑒𝑓𝑓

 up to 250 pm V-1 in [100]-oriented KNSN-BNKZ0.05 films 

with thickness of 2.70  μm  deposited on Pt/TiO2/SiO2/Si substrates. The coexistence of 

nanoscale rhombohedral and tetragonal phases and gradual polarization rotation between them 

are observed with atomically-resolved scanning transmission electron microscopy, contributing 

to the outstanding piezoelectric performance. 

2. Results and Discussion 

2.1. [100] Orientation and Electrical Properties 

Formation of oriented crystalline structures is an effective method to enhance the 

piezoelectric properties of both bulk ceramics and thin films, taking advantage of the 

anisotropic nature to obtain the desired domain configurations.[17, 26-29] Substrates with lattice 

match favor epitaxial films with preferred crystallographic orientation.[30-31] However, growing 

high performance piezoelectric films with perovskite structure on silicon substrates without the 

appropriate lattice match is often required for device applications. In the nucleation stage of 

films with strong anisotropy, nucleation dominates along the plane with the lower surface 

energy;[32] whereas in the grain growth process, strong crystallographic texture is favored along 

the plane with the lowest surface energy to minimize the free energy of the films.[33] It has been 

found that KNN thin films could self-assemble along the [100] direction regardless of the 

substrate texture, due to the low surface energy of the (100) plane.[34] This intrinsic 

crystallographic anisotropy, was utilized in this work (Figures S1-S2 and Table S1, Supporting 

Information) to obtain [100]-oriented KNSN-BNKZ0.05 films on Si substrates via a chemical 

solution deposition method, achieving a high orientation degree, f(100)
[35] up to 62.8%. 
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Figure 1(a) presents the P-E hysteresis loops for KNSN-BNKZ0.05 thin films (0.68 μm 

in thickness) with various [100] orientation degrees, f(100). Enhanced remnant polarization 𝑃𝑟 

and slightly reduced coercive field 𝐸𝑐 were obtained in the KNSN-BNKZ0.05 thin film with 

higher orientation degree, a similar phenomenon to a comparison between the undoped KNN 

films with and without [100] orientation.[36] The effective piezoelectric strain coefficients, 𝑑33
𝑒𝑓𝑓

, 

of the films were measured using laser scanning vibrometer (LSV)[37], with a driving voltage 

of 5 V over the gold electrodes of 0.2 mm in diameter. As shown in Figure 1(b), the film’s 𝑑33
𝑒𝑓𝑓

 

strongly depended on its orientation degree f(100), i.e. the higher f(100), the larger the 𝑑33
𝑒𝑓𝑓

values. 

A large effective 𝑑33
𝑒𝑓𝑓

 of 106 pm V-1 was obtained in the KNSN-BNKZ0.05 thin film with f(100) 

of 62.8%, in contrast to ~70 pm V-1 for the random-oriented KNSN-BNKZ0.05 film (f(100)=0), 

both with similar thickness of 0.68 μm. The results indicate that greatly improved piezoelectric 

properties can be achieved by enhancing the fractional [100] orientation in the KNSN-

BNKZ0.05 thin films. 

 

Figure 1. (a) P-E loops and (b) effective piezoelectric strain coefficient 𝑑33
𝑒𝑓𝑓

 of the KNSN-

BNKZ0.05 thin films (0.68 μm in thickness) with various orientation degree f(100). Inset of (b) 

is the 3D drawing of the piezoelectric dilatation for KNSN-BNKZ0.05 film with f(100) of 62.8%, 

tested at 1.5 kHz, under unipolar AC voltage with 5 V in magnitude. The substrate bending is 

excluded from the corresponding 𝑑33
𝑒𝑓𝑓

calculation. 
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2.2. Increased Film Thickness and Enhanced  𝒅𝟑𝟑
𝒆𝒇𝒇

 

The film’s effective piezoelectric properties could be further improved with thickness,[16, 

38-40] as the substrate clamping effect is reduced and the domain wall becomes more mobile in 

thicker films [16, 41-42].  In this work, [100]-oriented KNSN-BNKZ0.05 thick films were prepared 

for demonstrating larger 𝑑33
𝑒𝑓𝑓

. More precursor K excess (15-40 mol%) was introduced to 

compensate for severe volatile losses during the multiple cycles of thermal treatments and 

suppress the K-deficient secondary phases in the thicker films (2.70 μm in thickness, Figure S3, 

Supporting Information). 

Figure 2(a) presents the XRD patterns of the KNSN-BNKZ0.05 films with different film 

thickness, ranging from 0.68 to 2.70 μm. A single perovskite phase with [100]-orientation (f(100): 

28.0-62.8%) was observed in all films, except the thickest film (2.70  μm) with 10 mol% 

precursor K excess where K-deficient secondary phases appeared. Magnified GIXD (grazing-

angle incidence X-ray diffraction at 2θ=44o-48o) patterns of the films are given in Figure 2(b), 

showing the coexistence of rhombohedral (R) and tetragonal (T) phases in the obtained KNSN-

BNKZ0.05 films, which will be further discussed in the next section. As shown in Figure 2(c), 

the film’s orientation degree, f(100) generally decreased with increasing film thickness, because 

the significance of the film’s intrinsic surface energy anisotropy reduced as the film thickness 

increased (
∆𝛾

𝑡
 decreases by increasing thickness t in Equation S1).[33]  Moreover, the more severe 

K loss in the thicker films also weakens the film’s orientation preference. With optimal control 

of the precursor K excess, a [100] orientation degree of 35.6% was obtained in the thick film 

(~2.70 μm).  

The 𝑑33
𝑒𝑓𝑓

 in [100]-KNSN-BNKZ0.05 films with different film thickness were measured 

using LSV. The film’s 𝑑33
𝑒𝑓𝑓

 was found to increase with increasing film thickness, as shown in 

Figure 2(d). A further enhancement of 𝑑33
𝑒𝑓𝑓

 was achieved in the thicker film (2.70 μm) with 

more precursor K excess (15 mol%), correlating to the higher [100] orientation degree and 
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suppressed secondary phases. An outstandingly large  𝑑33
𝑒𝑓𝑓

 of 250 pm V-1 was demonstrated in 

our thick film (Figure. S4, Supporting Information), which is significantly higher than the 

reported 𝑑33
𝑒𝑓𝑓

 values of the KNN-based [6, 13-14, 16, 43-44] and even competitive to the best [100]-

PZT thin films with similar thickness,[26] as characterized over macro-scale level, as 

summarized in Figure 2(e). 

 

Figure 2. (a) XRD patterns with pseudo-cubic index, (b) magnified GIXD patterns (at 2θ=44o-

48o) and (c) orientation degree, f(100) for [100]-KNSN-BNKZ0.05 films with different thickness 

(0.68-2.70 μm); (d) 𝑑33
𝑒𝑓𝑓

 of [100]-KNSN-BNKZ0.05 films with various film thickness, tested 

at 1.5 kHz, 5 V (Inset is the 3D drawing of the piezoelectric dilatation for KNSN-BNKZ0.05 

thicker film prepared with 15 mol% precursor K excess); (e) comparison of the effective 𝑑33
𝑒𝑓𝑓

 

from this work with that in the reported KNN-based thin films characterized over nano & macro 

scales, where the green dashed-dotted line illustrates the reported 𝑑33
𝑒𝑓𝑓

 value in benchmark 

[100]-PZT thin films with similar film thickness (~3 μm); (f) substrate-induced stress and (g) 

irreversible extrinsic contribution α𝐸0 of KNSN-BNKZ0.05 films versus film thickness. 
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The outstanding piezoelectric performance as demonstrated in the increased film thickness 

is largely attributed to reduced substrate clamping effect.[45] The substrate-induced stress in 

KNSN-BNKZ0.05 films with various film thickness was measured via the conventional 𝑠𝑖𝑛2𝜓 

method.[46] Tensile stress was found to exist in all the films and it indeed decreased with 

increasing film thickness (Figure 2(f)). Besides enabling more free deformation in the thickness 

direction when in-plane mechanical clamping is partially released, the reduced mechanical 

constraint in the thick films provides more domain wall mobility that can contribute to extrinsic 

piezoelectric response.[42] The irreversible extrinsic contribution, α𝐸0 rose substantially with 

increasing film thickness in our KNSN-BNKZ0.05 films, indicating more domain wall motion 

was activated under the external electric field (Figure 2(g) and Figure S5 in Supporting 

Information). As the extrinsic contribution is closely related to the domain structure, which is 

sensitive to the external stress, the domain structure in the regions near the substrate and far 

from the substrate might be subject to different influence of tensile stress, and thus the thick 

films possibly possessed varied extrinsic piezoelectric response at the different thickness. 

2.3. Oriented R-T Nanophase Coexistence  

To disclose the structural origin of the superior piezoelectric performance in KNSN-

BNKZ0.05 thicker films, aberration-corrected (scanning) transmission electron microscopy 

(S/TEM) was employed to characterize the anisotropic grains and phases at the nanoscale. The 

overall heterogeneous structure of the KNSN-BNKZ0.05/Pt/TiO2/SiO2/Si structure is shown in 

Figure 3(a). The film morphology with a local thickness of ~2.5 µm exhibited intrinsic 

anisotropy, especially for the region close to the Pt layer. STEM Energy-Dispersive X-ray 

Spectroscopy (EDS) mappings (Figures S6-S7, Supporting Information) revealed a 

homogeneous elemental distribution. The electron diffraction pattern in Figure 3(b) of the 

whole film showed a polycrystalline nature but with preferential [001] orientation, deviating by 

around ~10o from the out-of-plane direction. The anisotropic grains possessed a width of ~50 

nm and a length of ~500 nm, as shown in Figure 3(c). Larger anisotropic grains with ≥ 1000 
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nm in length were observed in thinner films (~1.5 μm in thickness) (Figure S8, Supporting 

Information), consistent with the increased orientation degree in the thinner films (Figure. 2 

(c)). 

Then the atomically-resolved STEM high angle annular dark field (HAADF) imaging 

mode was used to observe the crystal orientation inside such anisotropic grains. The STEM-

HAADF image in Figure 3(e) was obtained from a region shown in Figure 3(d). It is clear that 

the (001) planes are aligned along the out-of-plane direction for the whole film. STEM-HAADF 

has been proved to be an effective structure imaging modes especially at the atomic scale, 

producing contrast interpretable by Z contrast (the signal is roughly proportional to the atomic 

number squared).[47] The corner and center atoms of the ABO3 perovskite crystal structure can 

be easily differentiated through the Z-contrast nature. Different from other typical ferroelectric 

materials, e.g., BaTiO3, PbTiO3, and BiFeO3,[48] the center B site atoms (Nb) are much heavier 

than the corner A site atoms (Na/K), thus the much brighter spots are center atom columns 

(Figure 3(e)).  
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Figure 3. Anisotropic grains and coexisting nanophases. (a) Low-magnification STEM annular 

bright field image showing the overall heterogeneous structure of the KNSN-

BNKZ0.05/Pt/TiO2/SiO2/Si, with a simultaneously acquired STEM-HAADF image inset. (b) 

Electron diffraction pattern, where the red dashed line represents the out-of-plane direction, and 

the yellow marked region represents the intense (001) planes around the out-of-plane direction. 

(c) Medium-magnification STEM-HAADF image showing anisotropic grains close to the Pt 

conductive layer. (d) High-magnification STEM-HAADF image obtained from a region close 

to the Pt layer. (e) Atomically-resolved STEM-HAADF image. (f) and (g) Enlarged images 

from (e) with atom positions marked with red crosses. (h) and (i) Schematics showing T and R 

symmetries with center B (Nb/Sb/Zr) atom displacement along pseudocubic axes and diagonals 

with respect to the corner A (Na/K/Bi) atoms. (j) The 𝛿𝑁𝑏−𝑁𝑎/𝐾  displacement vector maps 

overlaid (e), the displacement vectors are indicated with arrows, and T and R regions are marked, 

with an enlarged image inset showing gradual polarization rotation from R to T.  

To accurately locate the column positions, the intensity of each atom column was fitted by 

2D Gaussian peaks.[19] Then the local polarization 𝑃𝑆 was estimated using 𝑃𝑆 = 𝑘 ∙ 𝛿𝑁𝑏−𝑁𝑎/𝐾, 
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where 𝑘 is a material-dependent constant that can be deduced from bulk measurements and 

𝛿𝑁𝑏−𝑁𝑎/𝐾 is the displacement of the Nb column with respect to the Na/K column. Figures 3(f, 

g) are enlarged areas from Figure 3(e), overlaid with the peaks so found. It shows that the 

displacement directions of the center atoms with respect to the corner atoms are different, i.e. 

sometimes along the pseudocubic axes and sometimes along the diagonals, corresponding to 

the T and R symmetries respectively (Figures 3(h, i)). The 2D polarization vector mapping is 

shown in Figure 3(j), where polarization directions for T and R symmetries are marked. It 

should be noted that the majority phase is T symmetry, with 𝑃𝑆 pointing along the out-of-plane 

direction, which is consistent with the aligned anisotropic nature of the film. The minor R 

nanophases are distributed within the T matrix, with the perpendicular 𝑃𝑆 also pointing out of 

the film. Between the coexisting R and T phases, gradual polarization rotation is clearly 

observed, as seen in the inset of Figure 3(j). Based on the above structural characterization, 

especially the atomic-resolution polarization mappings, one can conclude that the origin of high 

piezoelectric performance is the coexistence of oriented anisotropic ferroelectric nanophases 

with gradual polarization rotation between them. In the literature on investigation of bulk crystal 

of relaxor ferroelectricity, the existence of polar nanoscale inhomogeneity can facilitate 

polarization rotation. [49] This static polarization state within the nanophase coexistence region 

could predict its dynamic polarization behavior under external stimulation (electric or thermal 

field). Hence the physical origin of the outstanding piezoelectric performance can be attributed 

to the gradual polarization orientation in the oriented coexistent nanophases and thus low 

domain wall energy, facilitating easy polarization rotation between different states under an 

external field, particularly in the thick film with higher domain wall mobility. 

3. Conclusion 

[100]-oriented lead-free piezoelectric films with composition of 

0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 (KNSN-BNKZ0.05) were 

obtained on silicon substrates using a chemical solution approach. An outstanding effective 
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piezoelectric strain coefficient  𝑑33
𝑒𝑓𝑓

 of up to 250 pm V-1 was demonstrated by measurement 

over macro-scale using laser scanning vibrometer in the 2.7-µm [100]-KNSN-BNKZ0.05 film, 

which is competitive to the benchmark oriented PZT films on silicon. Atomically-resolved 

electron microscopy revealed the origin of the improved performance to be the coexistence of 

oriented ferroelectric rhombohedral (R) and tetragonal (T) phases at the nanometer scale 

allowing gradual polarization rotation, which can lower the domain wall energy and facilitate 

the enhanced piezoelectric response. The increased film thickness reduced the in-plane 

mechanical clamping to enable more free deformation in the thickness direction and improve 

domain wall mobility, both further contributing to the enhanced piezoelectric response. 

4. Experimental Section 

Thin Film Preparation: 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 

(abbreviated as KNSN-BNKZ0.05) precursor solution was prepared by dissolving potassium 

acetate (CH3COOK, 99%, Sigma-Aldrich, with 10-40 mol% excess), sodium acetate 

(CH3COONa, 99%, Sigma-Aldrich, with 10 mol % excess), bismuth acetate ((CH3COO)3Bi, 

99.99%, Sigma-Aldrich, with 5 mol% excess), antimony ethoxide ((CH3CH2O)3Sb, Sigma-

Aldrich), zirconium acetylacetonate ((CH3C(O)CHC(O)CH3)4Zr, 98%, Sigma-Aldrich) and 

niobium ethoxide ((CH3CH2O)5Nb, 99.95%, Sigma-Aldrich) in the solvent of 2-MOE 

(CH3OCH2CH2OH, 99.8%, Sigma-Aldrich) in the glovebox under dry nitrogen atmosphere at 

room temperature. The precursor solution was further modified by appropriate MEA 

(NH2CH2CH2OH, 99.5%, Alfa Aesar), DEA ((CH2CH2OH)2NH, 99.5%, Alfa Aesar) and 

EDTA ((HO2CCH2)2NCH2CH2N(CH2CO2H)2, 99.99%, Sigma-Aldrich) to suppress the 

volatile compositional loss of potassium, sodium and bismuth.[13] The modified precursor 

solution was then spin coated on Pt/TiO2/SiO2/Si substrates at 3000 rpm, followed by drying at 

150 ℃ for 3 min, pyrolysis at 570 ℃ for 5 min, and final annealing in rapid furnace at 700 ℃ 



  

12 

 

for 10 min with a fast heating rate of 100 ℃ 𝑚𝑖𝑛−1. The thickness of the obtained films was in 

the range of 0.68-2.70 µm.  

Characterization and Electrical Properties: The crystalline phase structures of the 

obtained KNSN-BNKZ0.05 films were examined by X-ray diffraction (XRD, Bruker D8 

General Area Detector Diffraction, Madison, WI, USA). The degree of [100]-orientation 

preference was quantified using the Lotgering factor f(100), ranging from 0 in randomly oriented 

grains to 1 in perfectly [100]-oriented grains.[35] Here the peak intensities of (100), (110), (210) 

and (211) planes were considered in the f(100) calculation, as the film’s (111) and (200) peaks 

were overlapped with the substrate’s peaks. To further analyze the crystalline structure of the 

films, XRD patterns at 2𝜃 = 44 -48o was investigated by grazing-angle incidence X-ray 

diffraction (GIXD, PANalytical X'Pert PRO Extended MRD Systems, Netherlands) with an 

incidence angle of 0.5o. The films’ residual stress was determined by the conventional 

𝑠𝑖𝑛2𝜓 method, [46] using a high-resolution X-ray diffraction system (XRD, PANalytical X'Pert 

PRO Extended MRD Systems, Netherlands). After Au electrodes were sputtered on top of the 

thin films, the films’ ferroelectric properties were characterized via the Standard ferroelectric 

test system (Premier II, Radiant Technologies). A laser scanning vibrometer (OFV-056, 

PolyTech GmbH, Germany) was used to measure the piezoelectric dilatations of the films over 

a mm-sized area, after poling at room temperature under an electric field of 100 kV cm-1 for 1 

min. For investigating the extrinsic piezoelectric contributions, the films with varied thickness 

were driven with an AC field at 1.5 kHz which was superimposed with a fixed DC bias field of 

75 kV cm-1. (Scanning) transmission electron microscopy (S/TEM) was carried out using a 

JEOL ARM200F atomic-resolution analytical electron microscope, equipped with a cold field-

emission gun, a new ASCOR 5th order aberration corrector, Gatan OneView camera, hybrid 

detector and Oxford Aztec EDS system. 

Ab Initio Calculation: Density functional theory (DFT) based first principle calculation 

was conducted to study the surface energies of (100), (110), and (111) facets in the perovskite-
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type KNN, with and without K excess adatom, via the CASTP package in Materials Studio.[50] 

The generalized gradient approximation (GGA), with a kinetic energy cut-off of 750 eV was 

employed during the entire simulation. The total energy convergence during the geometric 

optimization was set to be 10-6 eV atom-1, and the forces were converged to less than 0.02 eV 

Å-1. Surface structures were modeled with super-cell slab models separated by a vacuum of 15 

Å. For the surface energy calculation, a more general expression of surface energy, applicable 

for both stoichiometric and non-stoichiometric surface models, was used:  

𝜎 =
1

2𝐴
[𝐸𝑡𝑜𝑡(𝑆𝑙𝑎𝑏) − 𝑛𝑁𝑎𝜇𝑁𝑎 − 𝑛𝐾𝜇𝐾 − 𝑛𝑁𝑏𝜇𝑁𝑏 − 𝑛𝑂𝜇𝑂]                         (1) 

where 𝐸𝑡𝑜𝑡(𝑆𝑙𝑎𝑏) is the total energy of the slab, 𝑛𝑁𝑎, 𝑛𝐾, 𝑛𝑁𝑏 and 𝑛𝑂 are the numbers of Na, 

K, Nb and O atoms in the slab, and 𝜇𝑁𝑎 , 𝜇𝐾 , 𝜇𝑁𝑏 and 𝜇𝑂  are their corresponding chemical 

potentials. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. (a) P-E loops and (b) effective piezoelectric strain coefficient 𝑑33
𝑒𝑓𝑓

 of the KNSN-

BNKZ0.05 thin films (0.68 μm in thickness) with various orientation degree f(100). Inset of (b) 

is the 3D drawing of the piezoelectric dilatation for KNSN-BNKZ0.05 film with f(100) of 62.8%, 

tested at 1.5 kHz, under unipolar AC voltage with 5 V in magnitude. The substrate bending is 

excluded from the corresponding 𝑑33
𝑒𝑓𝑓

calculation. 

 

 

Figure 2. (a) XRD patterns with pseudo-cubic index, (b) magnified GIXD patterns (at 2θ=44o-

48o) and (c) orientation degree, f(100) for [100]-KNSN-BNKZ0.05 films with different thickness 
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(0.68-2.70 μm); (d) 𝑑33
𝑒𝑓𝑓

 of [100]-KNSN-BNKZ0.05 films with various film thickness, tested 

at 1.5 kHz, 5 V (Inset is the 3D drawing of the piezoelectric dilatation for KNSN-BNKZ0.05 

thicker film prepared with 15 mol% precursor K excess); (e) comparison of the effective 𝑑33
𝑒𝑓𝑓

 

from this work with that in the reported KNN-based thin films characterized over nano & macro 

scales, and the green dash-dot line illustrates the reported 𝑑33
𝑒𝑓𝑓

 value in benchmark [100]-PZT 

thin films, with similar film thickness (~3 μm); (f) substrate-induced stress and (g) irreversible 

extrinsic contribution α𝐸0 of KNSN-BNKZ0.05 films versus film thickness. 

 

 

Figure 3. Anisotropic grains and coexisting nanophases. (a) Low-magnification STEM-ABF 

image showing the overall heterogeneous structure of the KNSN-BNKZ0.05/Pt/TiO2/SiO2/Si, 

with a simultaneously acquired STEM-HAADF image inset. (b) Electron diffraction pattern, 

where the red dashed line represents the out-of-plane direction, and the yellow marked region 

represents the intense (001) planes around the out-of-plane direction. (c) Mediate-magnification 

STEM-HAADF image showing anisotropic grains close to the Pt conductive layer. (d) High-
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magnification STEM-HAADF image obtained from a region close to the Pt layer. (e) 

Atomically-resolved STEM-HAADF image. (f) and (g) Enlarged images from (e) with found 

peaks, marked with red crosses. (h) and (i) Schematics showing T and R symmetries with center 

B (Nb/Sb/Zr) atom displacement along pseudocubic axes and diagonals with respect to corner 

A (Na/K/Bi) atoms. (j) The 𝛿𝑁𝑏−𝑁𝑎/𝐾 displacement vector maps overlaid (e), the displacement 

vectors are indicated with arrows, and T and R regions are marked, with an enlarged image 

showing gradual polarization rotation from R to T.  
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Outstandingly large piezoelectric strain coefficient, 𝒅𝟑𝟑
𝒆𝒇𝒇

 of 250 pm V-1 is achieved in lead-

free 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 thick films with oriented 

nanophase coexistence, competitive to the benchmark oriented PZT films. Coexistence of 

oriented R-T nanophases with gradual polarization rotations as observed lowers the domain 

wall energy while increased film thickness reduces the in-plan mechanical clamping, both 

contribute to the enhanced piezoelectric response. 

 

Keyword: piezoelectric film, lead-free, sodium potassium niobate, orientation, phase 

coexistence 
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S1. Crystallographic Orientation in KNSN-BNKZ0.05 Thin Films 

Unlike the conventional solid-state reaction in synthesis of bulk ceramics, the formation of 

solution-derived KNN-based oxide films involves nucleation from amorphous phase and grain 

growth processes, and both are strongly dependent on the anisotropic surface energy of the 

crystalline structure. KNN’s intrinsic crystallographic anisotropy, i.e. the lowest surface energy 

of (100) plane, could be utilized, to grow [100]-oriented films on Si substrates. However, we 

noted that excess alkali constituents, added in KNN films to compensate the volatile 

compositional loss during the film fabrication, weakened KNN’s [100] orientation. Therefore, 

the effect of K excess on the [100] orientation degree in KNN-based films was systematically 

studied through both theoretical and experimental approaches.  

The (100) surface energy anisotropy in KNN structure, with and without K excess, was 

studied via the ab initio calculation (Figure S1: simulation models). As shown in Table S1, the 

surface energy 𝜸(𝟏𝟎𝟎) < 𝜸(𝟏𝟏𝟎) < 𝜸(𝟏𝟏𝟏) in all KNN structures with and without K excess. 

However, the addition of excess K increases the surface energies of (100) and (110) planes and 

decreases the surface energy of (111) plane, resulting in the weakening of KNN’s (100) surface 

energy anisotropy, ∆𝜸(𝟏𝟎𝟎) (∆𝜸(𝟏𝟎𝟎) = 𝜸𝒂𝒗𝒈 − 𝜸(𝟏𝟎𝟎)). 
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Figure S1. Simulation models: (a1) (100)-slab supercell with stoichiometric composition, (a2) 

(100)-slab supercell with two K excess atoms (~25 mol% K excess); (b1) (110)-slab supercell 

with stoichiometric composition, (b2) (110)-slab supercell with two K excess atoms (~33 mol% 

K excess); and (c1) (111)-slab supercell with stoichiometric composition, (c2) (111)-slab 

supercell with two K excess atoms (~25 mol% K excess); where purple: K, gold: Na, green: Nb 

and red: O. 

Table S1. Surface energy change and change of (100) surface energy anisotropy ∆𝛾(100) in 

K0.5Na0.5NbO3 perovskite structure with the introduction of K excess. 

Surface plane 
(hkl) 

Surface energy, 𝛄 Surface energy 

change per mol% K 

excess 

∆𝜸(𝟏𝟎𝟎) change 

per mol% K 

excess Stoichiometric composition 

 [eV/Å𝟐] 

With excess K excess  

 [eV/Å𝟐] 

(100) -0.187 -0.168 ↑ 40.6% 

↓ 45.8% (110) 0.074 0.086 ↑ 48.6% 

(111) 0.155 0.115 ↓ 103.2% 

 

According to the classical nucleation principle, the lower surface energy represents the 

smaller energy barrier to overcome.[1] Thus [100]-oriented nuclei became dominant over the 

randomly oriented ones in KNN-based pyrolyzed thin films, regardless of the precursor K 

excess (Figure S2(a)). On the other hand, grain growth in films is driven by the energy 

minimization, and stongly depends on its crystallographic surface energy anisotropy, especially 

when the film thickness is small. From the thermodynamic concepts of surface energy 

anisotropy and grain growth, the change in Helmholtz free energy, ∆𝐹 is:[2] 
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∆𝐹 = −
2∆𝛾

𝑡
+

0.85𝛾𝑔𝑏

𝑟
 , ∆𝛾 = 𝛾𝑎𝑣𝑔 − 𝛾𝑚𝑖𝑛                                    (S1) 

where the surface energy anisotropy, ∆𝛾, is determined by the average surface energy, 𝛾𝑎𝑣𝑔, 

and the minimum surface energy, 𝛾𝑚𝑖𝑛 , t is the film thickness, 𝛾𝑔𝑏  is the average grain 

boundary energy and r is the grain radius. In principle, all KNN grains with stoichiometric 

composition would grow in a strong crystallographic texture with [100] orientation, espeically 

with small film thickness; whereas the superfluous K excess in composition weakens the 

KNN’s (100) plane anisotropy ∆𝛾(100) (Table S1), and thus the [100]-oriented KNN grains 

could not always be maintained in the films after the grain growth.  

Our experimental results (Figure S2(b, c)) showed that the [100] orientation degree for the 

KNSN-BNKZ0.05 film decreased continuously with increasing precursor K excess (10-40 

mol%), which is consistent with our theoretical analysis above. Here the film’s [100] orientation 

degree was quantitated with the Lotgering factor, f(100).[3] It should be noted that the K-deficient 

secondary phase appeared in the film with insufficient K excess compensation of 5 mol%, but 

disappeared in the film with more than 10 mol% K excess. The film with 10 mol% K excess 

added in the precursor was believed to have the chemical composition close to the stoichiometry 

of 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3 at the thickness of 0.68 μm, 

and its [100] orientation degree was much higher than that of the films with superfluous K 

excess (15-40 mol%). A high orientation degree, f(100), of up to 62.8% could be obtained in 

KNSN-BNKZ0.05 thin films, with well control of precursor composition (10 mol% K excess 

in the precursor). Moreover, substantial [100] orientation was also observed in the KNSN-

BNKZ0.05 films deposited on bare SiO2/Si substrates (Figure S2(d)), indicating that the film’s 

[100] preferential orientation was mainly attributed to the film’s intrinsic anisotropic 

crystallographic character, which was not dependent on the substrate texture. For the films 

grown on bare SiO2/Si substrates, the Lotgering factors were not calculated, as these film’s 

XRD peaks were relatively weak and some overlapped with the substrate peaks. Instead of 
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Lotgering factor, these films’ orientation degree was observable by comparing peak intensity 

ratios of (100)/(110), with the standard value of 0.6 in random-oriented KNN powder sample. 

 

Figure S2. XRD patterns with pseudo-cubic index of KNSN-BNKZ0.05 (a) pyrolyzed and (b) 

annealed thin films (0.68 μm in thickness), prepared with 5-40 mol% precursor K excess. (c) 

Orientation degree, f(100) of the annealed thin films in (b). (d) XRD patterns of the pyrolyzed 

and annealed KNSN-BNKZ0.05 thin films (0.68 μm), prepared with 10-40 mol% precursor K 

excess and deposited on bare SiO2/Si substrates. 

S2. Crystalline Structure and Orientation in KNSN-BNKZ0.05 Thick Films with K Excess 

As shown in Figure S3(a), K-deficient secondary phases were observed in the KNSN-

BNKZ0.05 thick film (2.70 μm) with insufficient compensation of 10 mol% precursor K excess, 

after severe K loss in the repeated heat treatment cycles for obtaining the large thickness. Single 

perovskite phase was detected in the thick films with more precursor K excess (15-40 mol%), 

but the orientation degree f(100) of the thick films decreased continuously with increasing 

precursor K excess. Here, the thick film (2.70 μm) with 15 mol% precursor K excess exhibited 

the highest f(100), which was believed to possess the chemical composition close to the 

stoichiometry of 0.95(K0.48Na0.52)(Nb0.95Sb0.05)O3-0.05Bi0.5(Na0.82K0.18)0.5ZrO3.  
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Figure S3. (a) XRD patterns and (b) orientation degree, f(100) of KNSN-BNKZ0.05 thick films 

after annealing (2.70 μm in thickness), prepared with various K excess (10-40 mol%). 

S3. Piezoelectric Response in KNSN-BNKZ0.05 Thick Films 

The effective piezoelectric strain coefficients 𝑑33
𝑒𝑓𝑓

, of the KNSN-BNKZ0.05 (with 15 

mol% K excess) thick films (2.70 μm in thickness) were measured using LSV under different 

driving voltages (4 V, 5 V, 6 V and 12 V), after the films were fully poled. During measurement, 

the laser scanned a larger area than that covered by the top electrode, and the electrically excited 

dilatation of the piezoelectric films was determined by the displacement of the electrode area 

and that outside the top electrode area. Thus, the effect of the substrate bending could be 

eliminated with high reliability, which is unlike PFM testing and single point laser beam testing. 

Figure S4 presents the 3D drawings of the piezoelectric dilatation for the [100]-oriented KNSN-

BNKZ0.05 thick films under various driving voltages. (The corresponding movement videos 

of the films under various AC voltages are provided in a separate file in Supporting 

Information.) The measured 𝑑33
𝑒𝑓𝑓

 of the [100]-oriented KNSN-BNKZ0.05 thick films are in the 

range of 242~260 pm V-1. 
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Figure S4. 3D drawing of the piezoelectric dilatation for KNSN-BNKZ0.05 thick films (2.70 μm in 

thickness) measured under different driving voltages.  

 

S4. Extrinsic Piezoeletric Contributions in KNSN-BNKZ0.05 Films with Different Film 

Thickness 

To understand the effect of film thickness on the extrinsic piezoelectric contribution in 

films, Rayleigh-type approach[4-5] was performed. The Rayleigh law can be expressed as: 

S(E) = (𝑑𝑖𝑛𝑖𝑡 +  𝛼𝐸0)E ±
𝛼

2
(𝐸0

2 − 𝐸2)                                    (S2) 

𝑑33(𝐸0) = 𝑑𝑖𝑛𝑖𝑡 + 𝛼𝐸0                                               (S3) 

where 𝐸0  is the electric field strength, 𝑑𝑖𝑛𝑖𝑡  is due to reversible intrinsic piezoelectric 

contributions, originating from the lattice contribution, and 𝛼𝐸0 is due to irreversible domain 

wall motion, representing the extrisic contribution to the total piezoelectric response.[4] The AC 

electric field dependent 𝑑33(𝐸0) were measured in KNSN-BNKZ0.05 films with different film 

thickness. By fitting Equation (S3), the 𝑑𝑖𝑛𝑖𝑡 and 𝛼𝐸0 of the films with different thickness were 
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determined (Figure S5). As presented, the irreversible extrinsic contribution, α𝐸0  rises 

substantially with increasing film thickness, indicating that more domain wall motions were 

activated under the external electric field. 

 

Figure S5. The electric field dependent 𝑑33(𝐸0) of KNSN-BNKZ0.05 films with increasing 

film thickness (0.68-2.70 μm). Inset is the comparison between the experimental data and the 

calculated strain loops (according to Equation S2). The 𝑑33(𝐸0) was calculated by the Peak-

Peak strain divided by 2𝐸0. 

S5. STEM-EDS Elemental Mappings of KNSN-BNKZ0.05 Thick Film 

 
Figure S6. STEM-EDS elemental mappings of the whole KNSN-BNZK0.05/Pt/TiO2/SiO2/Si 

heterogeneous structure. 
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Figure S7. STEM-EDS elemental mappings for a region of KNSN-BNZK0.05 close to the Pt 

layer with anisotropic grains.  

 

 

 

 

 

 

 

 

 

 

 

 

S6. Larger Anisotropic Grains in KNSN-BNKZ0.05 Thinner Films 

 

Figure S8. (a) Low-magnification TEM bright-field image of the overall heterogeneous 

structure, KNSN-BNKZ0.05 (1.5 μm in thickness) on Pt/TiO2/SiO2/Si substrate, and (b) STEM 

annular bright field images of 1.5 μm-thick KNSN-BNKZ0.05 film. 
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Outstandingly large piezoelectric 
response is achieved in lead-free 
[100]-KNSN-BNKZ0.05 ferroelectric 
film. As reported by Kui Yao and 
co-workers in article number 
1800691, this performance can 
be attributed to the coexistence 
of oriented R–T nanophases with 
gradual polarization rotations to 
lower the domain wall energy, and 
to the reduced in-plan mechanical 
clamping effect with increased film 
thickness.
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