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Experimental procedure 

Preparation of PYZST ceramic target: Y- and Sn-modified lead zirconate titanate ceramic targets 

were prepared by mixing the following oxides: PbO (99.9%, Sigma-Aldrich), Y2O3 (99.9%, High Purity 

Chemicals), ZrO2 (99.9%, High Purity Chemicals), SnO (99.9%, High Purity Chemicals), and TiO2 

(99.9%, High Purity Chemicals) in a molar ratio using a conventional solid state reaction method. To 

compensate the loss of Pb during the deposition and thermal processes, 10 mol% excess amount of PbO 

were added to the PYZST ceramic target. Before weighing, the raw powders were dried in an oven at 80

℃ for 24 hours to remove any moisture. Starting materials were weighed and then ball-milled for 24 

hours in ethanol with zirconia balls. Upon drying at 80℃, the mixed powder was ground and calcined at 

900℃ for 2 hours in a covered alumina crucible. Powder was ground and ball-milled again using the 

same conditions as described for the initial milling step to prepare fine and uniform particles. After 

drying, the obtained powder was mixed with an aqueous polyvinyl alcohol (PVA) solution, and made 

into green disk with diameter of 30 mm at a pressure of 80 MPa. After binder burnout at 500℃, the disk 

was sintered at 1300℃ for 2 hours in closed alumina crucible. 

 

Preparation of PYZST thin-film: PYZST AFE thin-films were deposited onto 

Pt(111)/Ti/SiO2/Si(100) substrates at 350℃ for 90 minutes via pulsed laser deposition using an ArF 

excimer laser with an oxygen partial pressure of 6.7 Pa (50 mTorr). A post-annealing strategy was used 

to crystallize the as-grown PYZST films, which were annealed by direct insertion within a tube furnace 

at 700℃ for 60 minutes under an oxygen atmosphere.  

 

Characterizations of PYZST thin-film: Film thicknesses were measured to be 500 nm from cross-

sectional scanning electron microscopy images (FE-SEM; JSM-6500F, JEOL, Tokyo, Japan). Film 

crystal structures were examined via an X-ray diffractometer (XRD, X’ Pert-PRO, PANalytical, Almelo, 

the Netherlands) using Cu K-alpha (λ = 1.54056×10
−10

 m) radiation at room temperature. In order to 
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study the electrical properties, platinum top electrodes with a contact area of 2.5×10-4 cm2 were 

deposited via a DC sputter coater (Cressington 108, Cressington, Inc. Watford, England, UK) onto the 

thin-film surface through a dot type metal shadow mask. The P-E hysteresis loops of the PYZST thin-

films were measured using a ferroelectric tester (Precision LC, Radiant Technologies, Albuquerque, NM, 

USA). The energy-storage performance was calculated according to the P-E results. The I-V 

characteristics of PYZST thin-film were measured with a high-voltage source meter (Keithley 237, 

Keithley Instruments, Solon, Ohio, USA) in conjunction with a hot plate stage. 

 

Chemical composition of PYZST thin film: The compositional analysis of PYZST thin films was 

performed by using electron probe micro-analysis (EMPA, JXA-8900R, JEOL, Tokyo, Japan). Table S1 

shows the compositions with respect to cation ratios of PYZST thin films derived from EPMA data. To 

calculate the film compositions, the nominal formulas were normalized to three oxygen atoms for the 

purpose of comparison. 

 

Table S1. Cation ratios and nominal formulas of PYZST thin films. 

 Pb Y Zr Sn Ti 

No. 

1 0.989 0.026 0.547 0.376 0.059 

2 0.987 0.019 0.533 0.375 0.083 

3 0.941 0.027 0.586 0.358 0.074 

4 0.980 0.019 0.576 0.372 0.083 

5 1.000 0.022 0.556 0.380 0.083 

Average 0.979 0.023 0.560 0.372 0.077 

Standard 

deviation 
0.020 0.004 0.019 0.008 0.010 

Nominal 

formulas 
Pb0.979±0.020Y0.023±0.004Zr0.560±0.019Sn0.372±0.008Ti0.077±0.010O3 
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Table S2. The recoverable electric energy density (Ureco) and energy-storage efficiency (η) of 

antiferroelectric thin-films. 

Composition 
Ureco

(a)
 

(J/cm
3
) 

η
(b)

 

(%) 

Eappl
(c)

 

(kV/cm) 
Ref. 

PbZrO3 13.3 68 900 [S1] 

Pb0.95Sr0.05ZrO3 14.5 78 900 [S1] 

Pb0.97La0.02(Zr0.98Ti0.02)O3 13.3 45.4 1000 [S2] 

(Pb0.91La0.09)(Zr0.65Ti0.35)O3 11.5 52.5 1000 [S3] 

Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3 14.6 91.3 1000 This study 

Pb0.97Y0.02[(Zr0.6Sn0.4)0.925Ti0.075]O3 21.0 91.9 1300 This study 

(a)Ureco : recoverable electric energy density; (b)η : energy-storage efficiency; (c)Eappl : applied electric field 
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Figure S1. Polarization switching and energy storage performance of the PYZST thin-film capacitors: 

(a) bipolar P−E hysteresis loops of the PYZST thin-films under various electric fields; (b) recoverable 

electric energy density (Ureco), electric energy loss density (Uloss) and energy-storage efficiency (η) of 

PYZST thin –films as a function of electric field calculated from bipolar P−E loops (Figure S1(a)). 
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Figure S2. DC leakage current densities of PYZST thin-film under different temperature as a function 

of DC electric field. 
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Figure S3. Unipolar P−E hysteresis loops of PYZST thin film under various ambient temperatures of 

30℃, 50℃ and 100℃at applied electric field of 1300 kV/cm. 
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Figure S4. The variation of unipolar P-E hysteresis loops of PYZST thin film before and after fatigue 

test up to 1×10
7
 cycle at various ambient temperature of (a) room temperature, (b) 50℃ and (c) 100℃. 
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Figure S5. Charging/discharging current and applied voltage profiles to measure discharging time of 

PYZST capacitor. 

 

 

 

Figure S6. Schematic diagram for the discharge experiment. The discharge profile was measured from 

the potential difference at both ends of load resistor RL.  

 

 

 

 



 S-10  

 

REFERENCES 

 

(S1) Hao, X.; Zhai, J. W.; Yao, X. Improved Energy Storage Performance and Fatigue Endurance of 

Sr-doped PbZrO3 Antiferroelectric Thin Films. J. Am. Ceram. Soc. 2009, 92, 1133–1135. 

(S2) Wang, Y.; Hao, X.; Yang, J.; Xu, J.; Zhao, D. Fabrication and Energy-storage Performance of 

(Pb,La)(Zr,Ti)O3 Antiferroelectric Thick Films Derived from Polyvinylpyrrolidone-modified 

Chemical Solution. J. Appl. Phys. 2012, 112, 034105. 

(S3) Hao, X.; Wang, Y.; Yang, J.; An, S.; Xu, J. High Energy-storage Performance in 

Pb0.91La0.09(Ti0.65Zr0.35)O3 Relaxor Ferroelectric Thin Films. J. Appl. Phys. 2012, 112, 114111. 

 


