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Supplementary Text

1. Weibull Distribution:

  According to the fitting formula , the following formula   1 exp
b
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can be derived.
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Where  represents the total tested points, represents the breakdown field strength n iE

when the th points is tested in ascending order , is the i  1 2 3 nE E E E  L bE

characteristic breakdown strength,  is the value of the slope of the linear fit of the 

data  and ,  is the cumulative probability of electric failure. Generally, the iY iX iP

larger value indicates that the range of fluctuation of the breakdown data is smaller, and 

the calculated breakdown field strength  is more reliable. In this work, we select 15 bE

breakdown points for linear fitting to obtain breakdown strengths.1, 2
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2. Analyzing the leakage mechanisms in the BT-BMZ films

The conduction mechanism of the BT-BMZ films can be characterized by the 

leakage current fitting results with the following formulas:

Ohmic conduction: 
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Space-charge-limited conduction (SCLC):
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P-F emission:
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Schottky emission:
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Where  , , , , , , , , , , , , , and  represent J E   e 0 r A PF T Bk Schottky K cN

the leakage current density, the applied electric field, electric conductivity, electronic 

drift mobility, electronic charge, vacuum permittivity, relative permittivity, Richardson 

constant, P-F emission energy barrier, absolute temperature, Boltzmann constant , 

Schottky energy barrier, optical permittivity, and effective density of states of the 

conduction band, respectively. Note that the optical permittivity  equals to  ( is K 2n 𝑛 

the refractive index).1, 3, 4
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Fig. S1 Schematic of dielectric energy storage. Dielectric energy storage capacitors are 

designed to store energy by charging and discharging through the process of 

polarization and depolarization of the dielectric in an applied electric field. 
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The discharge energy density  is represented by the green region, where  and reW mP

 are the maximum and residual polarization, respectively. The energy storage rP

efficiency  can be calculated from the following equation:𝜂
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The yellow region represents the energy loss  due to hysteretic polarization lossW

switching in the charge-discharge cycle, and  denotes the breakdown strength, i.e., bE

the highest electric field that the dielectric can withstand.5
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Fig. S2 (a) Bright-field TEM image and (b) the corresponding SAED pattern of the BT-

BMZ film prepared under 0.170 mbar growth pressure, recorded along the  zone  100

axis. (c) The dark-field TEM image (DF1 & DF2) obtained by using P1 and P2 

diffraction arcs indicated by red circles in (b), respectively. The nanocolumnar grains 

are marked by the white arrows in the film. The scale bar is 100 nm.
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Fig. S3 (a) High-resolution HAADF-STEM images of the BT-BMZ films prepared 

under 0.065 mbar, 0.105 mbar, and 0.170 mbar, recorded along the  zone axis,  film100

respectively. (b) The corresponding Fast Fourier Transform (FFT) patterns of (a). Note 

that the tilting between adjacent grains can be visible in (a), as illustrated by the inserts 

superposed on the images. As a result, the splitting of spots occurs in the FFT patterns 

in (b), as marked by open circles.
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Fig. S4 (a) Atomic-resolution HAADF-STEM image of the grain boundary in the BT-

BMZ film prepared under 0.065 mbar growth pressure. The insert is the low-

magnification morphology of the BT-BMZ film. (b) The Inverse Fast Fourier 

Transform image of (a) showing the formation of dislocations along the grain boundary.
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Fig. S5 Schematic diagram of the emission angle distribution of sputtered atoms.6
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Fig. S6 Low-magnification cross-sectional TEM images of BT-BMZ film prepared 

under different growth pressures.



10

Fig. S7 (a) The AFM images ( ) and (b) the enlarged view of AFM images (3 3m m 

) of BT-BMZ films prepared under different growth pressures. The 0.5 0.5m m 

scale bar in is 1 μm in (a) and 100 nm in (b), respectively. 
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Fig. S8 (a) XPS survey spectrum and (b) O 1s XPS spectrum for the film prepared under 

0.030 mbar growth pressure. As displayed in (a), the elemental compositions detected 

by XPS remain consistent with the BT-BMZ film. As shown in (b), the O 1s XPS 

spectrum of the film consists of three absorption peaks, where the 529.3 eV peak 

corresponds to the vibrational absorption peak of lattice oxygen ( ), the 531.5 eV LO

peak is attributed to the presence of oxygen vacancies ( ) in the film, and the 532.3 VO

eV peak represents absorbed oxygen or hydroxyl oxygen ( ) on the film surface.7, 8 SO

The results of XPS experiments indicate the presence of oxygen vacancies in the BT-

BMZ films.
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Fig. S9 (a) Bipolar P-E loops of BT-BMZ films under different growth pressures at the 

same electric field. (b) An enlarged view of region of interest (ROI) in (a) showing the 

change of  under different film growth conditions.𝑃𝑚𝑎𝑥
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Fig. S10 Unipolar P-E loops of the BT-BMZ films at 1 kHz prepared under various 

growth pressures.
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Fig. S11 Unipolar P-E loops of the BT-BMZ films measured at different temperatures.
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