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ABSTRACT
The electric breakdown strength (Eb) is an important factor that determines the 
practical applications of dielectric materials in electrical energy storage and elec-
tronics. However, there is a tradeoff between Eb and the dielectric constant in the 
dielectrics, and Eb is typically lower than 10 MV/cm. In this work, ferroelectric 
thin film (Bi0.2Na0.2K0.2La0.2Sr0.2)TiO3 with a dielectric constant of 115 is found to 
exhibit an ultra-high Eb = 10.99 MV/cm, attributing to the high-entropy effects that 
could result in dense nanostructures with refined grains, low concentration of 
oxygen vacancies, low leakage current and small polar nano-regions in the thin 
film. A recoverable energy storage density of 5.88 J/cm3 with an excellent energy 
storage efficiency of 93% are obtained for the dielectric capacitor containing the 
thin-film dielectrics. Remarkably, the dielectric capacitor possesses a theoreti-
cal energy storage density of 615 J/cm3 compatible to those of electrochemical 
supercapacitors. The high-entropy ferroelectric thin films with ultra-high Eb and 
superior energy storage properties are much promising dielectrics used in next-
generation energy storage devices and power electronics.

1 Introduction

With increasing consumption of electrical energy in 
human society, energy storage devices with improved 
energy density, power density and energy efficiency 
are urgently needed [1, 2]. Compared with batter-
ies and fuel cells, dielectric capacitors possess some 
outstanding energy storage properties, such as large 

power density (~ 106 W/kg) with high working volt-
ages, ultrafast charge–discharge rate (~ ns) and good 
thermal stability [3–6]. However, their energy stor-
age density is typically low (< 100 J/cm3). In a dielec-
tric capacitor, the electric dipoles are oriented under 
applied electric fields, accumulating free charges on 
conductive layers or electrodes at their surfaces, and 
the storage of electrical energy is thereby achieved. 
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Particularly, for linear dielectric materials [7, 8], the 
energy storage density U can be described as U = 0.5ε
0εrEb

2 where �
0
=8.854 × 10–12 F/m is the vacuum dielec-

tric constant, �
r
 is the relative dielectric constant and 

Eb is the electric breakdown strength. The maximum 
energy storage is highly dependent on the dielectric 
constant �

r
 and Eb. Generally, the large electric break-

down strength is achieved at the cost of reduced 
dielectric constant. Bulk ferroelectric ceramics have 
low electric breakdown strengths (< 1 MV/cm) with a 
high dielectric constant (> 1000), while their thin-film 
counterparts exhibit high electric breakdown strengths 
(< 6 MV/cm) accompanied by a low dielectric constant 
(< 500). Meanwhile, polymer thin films and some metal 
oxides show ultrahigh electric breakdown strengths 
while they have extremely low dielectric constants 
(< 10). Thus, how the electric breakdown strength and 
dielectric constant are balanced to optimize the energy 
storage performance of dielectrics becomes a grand 
challenge in enhancing the energy density of dielectric 
capacitors.

To address the aforementioned issues, the dielec-
trics are developed in the framework of high-entropy 
materials that could enhance the energy storage per-
formance of dielectric capacitors. High-entropy ceram-
ics (HECs) consist of multiple (more than 5) randomly 
distributed metal ions at their specific lattice sites, and 
the configuration entropy of HECs could be larger 
than 1.5 R (R is the gas constant) when those metal ions 
have equal molar ratio. The dielectric capacitors con-
taining HECs exhibit some distinctive characteristics 
beneficial to their energy storage properties, such as 
large lattice distortion, good thermal stability and slug-
gish kinetic diffusion [9–11]. Recently, some attempts 
have been made to develop high-entropy ferroelectric 
ceramics for the improvement on energy storage prop-
erties of dielectric capacitors,. Sun et al. [12] prepared 
high-entropy ceramic (Bi0.2Na0.2Ba0.2Ca0.2Sr0.2)TiO3 by 
a hydrothermal method and found that a recoverable 
energy density of 1.37 J/cm3 was achieved with a high 
dielectric constant of 3788. Zhou et al. [13] introduced 
0.1 at.% Bi(Zn0.2Mg0.2Al0.2Sn0.2Zr0.2)O3 into ferroelec-
tric ceramic 0.75BaTiO3 − 0.25Na0.5Bi0.5 TiO3 and found 
the recoverable energy density was improved to 3.74 J/
cm3 with an energy efficiency of 82.2%, resulting from 
the local polar nano-domains in the ferroelectric mate-
rial. Yang et al. [14] studied high-entropy effects on 
the Bi2Ti2O7-based thin-film dielectrics, and found 
that they exhibited a high energy storage density of 
182 J/cm3 at an electric field of 6.35 MV/cm. The results 

suggest that high-entropy ferroelectric thin films could 
be promising in enhancing the energy storage proper-
ties of dielectric capacitors.

In this work, (Bi0.2Na0.2K0.2La0.2Sr0.2)TiO3 (BNKLST) 
high-entropy ferroelectric thin films are synthesized, 
which have ultra-high electric breakdown strength 
(> 10 MV/cm) and large dielectric constant (> 100). 
The dielectric capacitors containing the ferroelectric 
thin films possess an ultra-high energy storage density 
compatible to that of an electrochemical supercapaci-
tor, and they have excellent energy storage efficiency 
(> 90%) and good thermal stability. The high-entropy 
effects on the crystal structure, microstructures, dielec-
tric and electrical property of BNKLST thin films are 
systematically investigated, revealing the underlying 
mechanisms that determine their superior energy stor-
age properties.

2 �Materials and methods

2.1 �Preparation of ferroelectric thin films

H i g h - e n t r o p y  f e r r o e l e c t r i c  t h i n  f i l m s 
(Bi0.2Na0.2K0.2La0.2Sr0.2)TiO3 are synthesized on 
Pt(111)/Ti/SiO2/Si(100) conductive substrate through 
a sol–gel synthesis route combined with spin coat-
ing approaches. The starting materials are bismuth 
nitrate (Bi(NO3)3·5H2O), sodium acetate trihydrate 
(CH3COONa⋅3H2O), potassium acetate (CH3COOK), 
lanthanum nitrate hexahydrate (La(NO3)3⋅6H2O), 
strontium acetate ((CH3COO)2Sr), acetic acid, tetrabu-
tyl titanate, acetylacetone and 2-methoxyethanol. Frist, 
the aforementioned metal nitrates and acetates were 
added into acetic acid with magnetic stirring at 80 °C. 
Then, the resulting solution was added dropwise into 
the other solution prepared by mixing tetrabutyl titan-
ate, acetylacetone and 2-methoxyethanol in a volumet-
ric ratio of 1:2:5. Two solutions were fully mixed and 
the concentration of metal nitrates and acetates was 
adjusted to 0.2–0.3 mol/L. Finally, the mixture was 
stirred for 24 h, followed by aging for 48 h. The pre-
cursor was spin-coated on the substrate at a rate of 
600 rpm for 9 s and subsequently at 3000 rpm for 30 s. 
During the spin coating process, five or six drops of 
the precursor solution were applied to coat one layer 
on the substrate, whose volume was controlled to be 
0.2 ml. The wet thin film was dried at 200 °C, 450 °C 
and 650 °C for 5 min, respectively. Such drying pro-
cess was repeated for 4 times. Finally, the BNKLST 
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thin film was crystallized at 650 °C for 15 min in a 
rapid thermal processor (AccuThermal AW410T).

2.2 �Characterizations

The crystal structure was determined by X-ray dif-
fraction (XRD, Rigaku SmartLab) with Cu Kα radia-
tion. The microstructure of sample was observed by 
field emission scanning electron microscope (FE-SEM, 
MAIA), where the energy dispersive X-ray spectros-
copy (EDX, Oxford Inca EDX system) detector was 
used for elemental analysis. The piezoelectricity of 
thin film was measured by a piezoresponse force 
microscopy (PFM, Bruker Dimension Icon). The sub-
strate coated with the thin film was stuck to a glass 
slide. Silver glue is drawn from the Pt layer in the 
substrate to the glass slide, forming a conductive path 
connecting to the common ground of equipment. 
Raman spectrum was obtained by using Raman spec-
trometer (HR800, LAbLAM) with a He–Ne laser at a 
wavelength of 633 nm. For electric measurements, the 
disk electrodes with a diameter of 0.5 mm on the sur-
face of thin films were prepared by magnetron sput-
tering (Denton Explorer 14), where gold was chosen as 
sputtering target and the substrate was covered by a 
shadow mask. Dielectric measurement was performed 
on an impedance analyzer (E4980A, Agilent Technolo-
gies). The current–voltage curves were measured by a 
probe station (450PM, Manual Probe Station) with an 
electrometer (4200, Keithley), where the temperature 

range could be adjusted from room temperature to 
400 °C. The hysteresis loops were measured by fer-
roelectric analyzer (Premier II, Radiant).

3 �Results and discussion

The crystal structures of thin films were studied by 
XRD. Figure 1a shows the XRD patterns of BNKLST 
thin film obtained on the XRD apparatus operated 
with Cu Kα radiation (λ = 1.5406 Å) under 45 kV and 
250 mA and with a grazing angle of 0.5°. It is found 
that the BNKLST thin film possesses a single-phase 
perovskite structure, which could be considered as a 
solid solution of Bi0.5Na0.5TiO3, Bi0.5K0.5TiO3, LaTiO3 
and SrTiO3. For the BNKLST thin film, the Gold-
schmidt tolerance factor t = (R

A
+ R

o
)∕
√

2(R
B
+ R

o
) is 

calculated, where R
A
,R

B
 and R

O
 represent the radius 

of ions at A- and B-sites and oxygen ion, respectively. 
Since t = 1.002 is close to 1, it is suggested that the 
BNKLST thin film is in a pseudo-cubic phase with 
large lattice distortions [15]. The XRD Rietveld refine-
ment patterns for BNKLST thin film are shown in 
Fig. 1(b), and the refinement parameters of R-pattern 
and R-weight pattern are Rp = 6.53% and Rwp = 8.58%, 
respectively. These low values of refinement param-
eters indicate that there is a good agreement between 
the experimental data and calculated data, and the lat-
tice parameters a = b = c = 3.908 Å can be obtained from 
the refinement. In addition, the Rietveld refinement 

Fig. 1   a XRD patterns of BNKSLT thin film and standard 
JCPDS cards [16] of Bi0.5Na0.5TiO3, Bi0.5K0.5TiO3, LaTiO3 and 
SrTiO3, b Rietveld refinement results of XRD data for BNKLS 

thin film and peaks of Bragg diffraction for crystal structures in 
Pm 3 m space group
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patterns are well consistent with the Bragg diffraction 
for SrTiO3 with a cubic phase in the space group of 
Pm 3 m (PDF #35-0743) [16], which further confirm 
that the BNKLST thin film is in a pseudo-cubic phase. 
The consistency could be mainly attributed to the aver-
age radius (1.442 Å) of ions at A-sites, which is nearly 
equal to that (1.44 Å) of Sr+2 [17].

Figure 2a shows the cross sections of BNKLST thin 
film and the Pt/Ti/SiO2/Si substrate. The thickness of 
thin film is about 180 nm. The surface morphology of 
thin film is shown in Fig. 2b. It is worth noting that the 
BNKLS thin film has dense microstructures with nano-
sized grains, which is favorable for enhancing its elec-
tric resistivity [18]. The nanostructure of BNKLS thin 
film may be caused by the sluggish kinetic diffusion 
in high-entropy materials that could hinder the grain 
growth in the thin film, resulting in the formation of 
nano-sized grains [9]. The EDS elemental mappings 
for BNKLS thin film are shown in Fig. 2e–i, suggesting 
that Bi, Na, K, La, Sr, Ti and O elements are uniformly 

distributed and high-entropy BNKLST thin film is suc-
cessfully prepared.

The Raman spectra of BNKLST thin film at room 
temperature are shown in Fig. 3a, and the decon-
volutions of peaks are implemented by fitting them 
with Gaussian profiles. There are three regions in the 
wavenumber ranging from 50 to 1000  cm−1, which 
are labelled as A-site and Ti–O bond, TiO6 vibrations 
and A1 + E longitudinal optical vibration of bonds, 
respectively. Peaks 1–3 are associated with the A–O 
bond, mainly attributing to the bonding between Bi, 
Na, K, Sr or La elements at A-site and oxygen. Com-
pared with that for BNKLST bulk ceramics as shown 
in Fig. 3b, the peak for BNKLST thin film is shifted to a 
lower wavenumber, i.e., the positions of peaks 1–3 are 
shifted from 90.25, 110.28, 165.91 cm−1 to 81.11, 100.70 
and 144.21 cm−1, respectively. Since the BNKLST thin 
film is sintered at a temperature (650 °C) lower than 
that (1050 °C) for BNKLST bulk ceramics, the loss 
of volatile metal elements such as Bi and Na in the 

Fig. 2   SEM images of cross-section (a) and surface morphologies with the inset of high magnification image (b), and EDS elemental 
mappings (e–i) for BNKSLT thin films
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former could be much less than that in the bulk ceram-
ics. Therefore, it is suggested that the average mass of 
A-site element in the BNKLST thin film is relatively 
larger than that in BNKLST bulk ceramics, leading to 
the increase in the strength of A–O bond and the shift 
of peaks ascribed to the A–O bond towards a lower 
wavenumber. As indicated in Fig. 3, peak 4 is assigned 
to Ti–O bond which affects the dielectric property of 
materials, especially their dielectric polarizations and 
dielectric losses [19–21]. It is found that peak 4 for 
BNKLST thin film shifts to a lower wavenumber and 
its full-width at half maximum (FWHM, 149.26 cm−1) 
becomes larger than that (119.57  cm−1) of BNKLST 
bulk ceramics, indicating that the structural disorder 
in the lattice of thin film is more severe than that of 
bulk ceramics and suggesting a reduced polarity of 
BNKLST thin film. The FWHM of peak 6 (141.65 cm−1) 
for BNKLST thin film is larger than that (126.12 cm−1) 
for bulk ceramics, indicating a large distortion of TiO6 
octahedral structure favorable for improving electric 
breakdown strength in BNKLST thin film [22].

Furthermore,  compared with those for 
Bi0.5Na0.5TiO3 (BNT) ferroelectric thin films previously 
reported [9, 23, 24], the Raman spectrum for BNKLST 
thin film is much broader due to the significant chemi-
cal disorder at A-site. As shown in Fig. 3a, peak 4 at 
210 cm−1 ascribed to Ti–O–Ti bond shifts to a lower 
wavenumber in comparison with that at 250 cm−1 for 
BNT thin film [23, 25], indicating a weakened Ti–O–Ti 
bond in the BNKLST thin film. It is because the mul-
tiple metal ions randomly located at A-site may affect 
the strength of Ti–O bond. Besides, the band in the 
range of 400–700 cm−1 associated with the distortion 

of TiO6 is more symmetrical, suggesting the BNKLST 
thin film has a relatively symmetrical crystal structure. 
This result is in accordance with the pseudo-cubic 
phase as determined from XRD analysis. The band 
in the high wavenumber range of 700–1000 cm−1 is 
assigned to the collective displacement of oxygen, and 
its FWHM (136 cm−1) for BNKLST thin film is smaller 
than that (158 cm−1) for BNT [9], suggesting that the 
occurrence of displacement of oxygen ions in the 
BNKLST thin film is less intense than that in BNT thin 
film. Because the BNKLST thin film has lower contents 
of volatile elements such as Bi and Na than BNT thin 
film, and it has less losses of those metal elements dur-
ing sintering processes at a lower annealing tempera-
ture than BNT thin film, therefore the BNKLST thin 
film could have lower concentration of oxygen vacan-
cies than BNT thin film, which could be favorable for 
enhancing its electric breakdown strength [26, 27].

Figure  4a shows the surface morphology of 
BNKLST thin film. It is observed that the grains are 
small with sizes lower than 100 nm and they over-
lap with each other with distinct grain boundaries. 
The average surface roughness is calculated to be 
0.55 nm, implying that the BNKLST thin film has a 
smooth surface. As shown in Fig. 4b–d, the distinct 
and strong contrast among domains in PFM ampli-
tude and phase images demonstrate that there exist 
polarized nano-regions with randomly distributed 
polarization in the BNKLST thin film. Moreover, 
the piezoelectricity of thin film is investigated by 
PFM at a contact resonant frequency of 358 kHz (as 
shown in Fig. 5a). The local piezo-response ampli-
tude and phase are measured under an applied DC 

Fig. 3   Raman spectra and deconvolutions of peaks for a BNKLST thin film, and b BNKLST bulk ceramic
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bias voltage varied from − 20 V to 20 V at a frequency 
f. As shown in Fig. 5b, the piezoelectric response is 
significant and an asymmetrical butterfly loop is evi-
dent. The loop is shifted towards a positive voltage, 
indicating the existence of built-in electric field in the 
BNKLST thin film [23, 28]. The built-in electric field 
could result from the accumulated oxygen vacan-
cies at the surface of thin films, which have positive 
charges [29]. Since the bottom electrode is connected 
the common ground of equipment, a positive poten-
tial VSP resulting from the built-in filed could offset 
the applied voltages at the PFM tips, shifting the pie-
zoelectric response loop to positive voltages. In addi-
tion, the effective piezoelectric modulus d33 could 
be calculated as d

33
= dA∕dV  , where A and V are the 

piezo-response amplitude and applied DC voltage, 
respectively, and the results are shown in Fig. 5c. The 
maximum value of d33 could reach at 82 pm/V for the 
BNKLST thin film, which is relatively higher than 

those for BNT and BaTiO3 thin films (40 pm/V [30] 
and 50 pm/V [31], respectively). The dense micro-
structure and refined nano-grains in the BNKLST 
thin film could be responsible for its large piezoelec-
tric modulus [32, 33]. The phase hysteresis loops for 
piezo-response shown in Fig. 5d demonstrate that 
180° domain switching is achieved in the BNKLST 
thin film, suggesting that the thin film is ferroelec-
tric. Meanwhile, the phase hysteresis loop for piezo-
response expands with increasing frequency f. To be 
more specific, the coercive field ( E

c
 ) increases from 

175 kV/cm to 310 kV/cm with f  increased from 0.2 Hz 
to 1.0 Hz. The inset in Fig. 5d shows the relationship 
between E

c
 and f  , which is well fitted by a power-

law relation ( E
c
∼ f

�  ). For conventional ferroelectric 
materials, the dynamical switching behaviors can be 
explained by Ginzburg–Landau mean-field theory 
with the exponent � close to 1 [50]. For the BNKLST 
thin film, the exponent �=0.38 is much lower than 1, 

Fig. 4    a AFM morphology; PFM images of b height, c amplitude and d phase for BNKLST thin film
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implying that there are strong fluctuations of polari-
zations in the polar nano-regions.

The dielectric spectrum for BNKLST thin film 
is shown in Fig.  6. The dielectric constant of 110 
is obtained at 1000  Hz. The dielectric constant 
decreases with increasing frequency, which is 
ascribed to dipole moments in thin films [34]. The 
dielectric loss also reduces with increasing fre-
quency, while the smallest loss value (0.024) can 
be reached at about 36 MHz. It is found that the 
dielectric loss suddenly increases at high frequency 
(> 50 MHz), which is attributed to the dipole reso-
nance [35]. The dielectric property can be explained 
by the complex dielectric constant. According to 
Debye functions described in Eqs. (1, 2), the real part 
of dielectric constant reflects the ability of dielectrics 
in storing energy during the polarization process, 
while its imaginary part describes the energy dis-
sipation during the polarization process.

Fig. 5    a The resonant peaks of PFM signals at 358 kHz under 
different amplitudes of driven voltages; b The amplitude butterfly 
loop for piezo-responses in the BNKLST thin film; c d33 versus 
DC bias voltage in the BNKLST thin film; d The phase hysteresis 

loops for piezo-response in the BNKLST thin film under different 
frequencies f, and (inset) log–log plots of coercive field Ec vs. f  
fitted with a power-law relation (red line) (Color figure online)

Fig. 6   The frequency dependent dielectric constant and dielec-
tric loss for BNKLST thin film at room temperature. The inset 
shows linear fits of ε´ vs. ωε´´
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where �
s
 and �∞ are static and optical dielectric con-

stants, respectively. � is the angular frequency, � is the 
relaxation time. Using the derived formula 
�� = −�

(

��
��
)

+ �
s
 at low-frequency limit [36], the 

static dielectric constant is determined to be �
s
= 115 

with a relaxation time of 1.21 s, as shown in the inset 
in Fig. 6.

As shown in the inset in Fig. 7a, the I–V curve for 
BNKLST thin film at room temperatures is measured. 
Since the leakage current is as small as 2.5 × 10–7 A 
under an ultra-high electric field of ~ 9.2 MV/cm, it is 
remarkable that the BNKLST thin film could possess 
ultra-large electric breakdown strength. At different 
temperatures (20—200 °C), the electrical conductivity � 

(1)�� = �∞ + (�
s
− �∞)∕(1 + �2�2),

(2)��� =
(

�
s
− �∞

)

��∕(1 + �2�2),

can be calculated by Ohm’s law under a low voltage of 
10 V, and the results are plotted in Fig. 7a. As shown in 
the orange region in Fig. 7a, the conductivity increases 
from 5.13 × 10–4 S/m to 3.3 × 10–3 S/m when the tempera-
ture increases from room temperature to 60 °C. It then 
maintains almost the same in the temperature range of 
60 – 140 °C, and finally increases dramatically to 0.2 S/m, 
as shown in the bule region in Fig. 7a. The relationship 
between conductivity and temperature could be char-
acterized by Arrhenius plots shown in Fig. 7b, c, which 
is described as follows:

where �
0
 is a constant, E

a
 is the activation energy of 

conduction and k
B
 is Boltzmann constant. At high 

temperatures, E
a
 is calculated through the slope of fit-

ting curve of ln � vs. 1000/T with a value of 1.11 eV, 

(3)� = �
0
exp

(

−
E
a

k
B
T

)

,

Fig. 7    a The variation of conductivity of BNKLST thin film 
at 20–200 °C; the inset shows I–V curve at room temperature. b 
Linear fitting of lnσ vs. 1000/T in the bule region and c in the 

orange region highlighted in (a). d Weibull distribution of elec-
tric breakdown strength for BNKLST thin film (Color figure 
online)
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suggesting that the conduction of BNKLST thin film 
may originate from oxygen vacancies [37]. At low tem-
peratures, E

a
 is 0.39 eV which may be related to the ion 

states hopping [38], e.g., Ti4+  + e−1 → Ti3+. These two 
values of activation energy are lower than the band 
gap of BNT (3.1 eV) [39], suggesting the BNKSLT thin 
film exhibits intrinsic band-type electronic conduction 
[40, 41].

The electric breakdown strength is one of the key 
factors that determine the practical applications of 
dielectric materials in electrical energy storage. The 
Weibull distribution function is used to character-
ize the electric breakdown strength, which could be 
expressed as:

where E
i
 is the electric breakdown field, i is the serial 

number of samples, n is the total number of sample 
( n = 10 ) and P

i
 is the possibility that the BNKLST thin 

film breaks down at E
i
 . As shown in Fig. 7d, the exper-

imental data are well fitted by Weibull distribution 
with a shape parameter of β = 24.89 (larger than 10), 
indicating a good reliability [42, 43]. A critical electric 
breakdown strength E

b
 = 10.99 MV/cm with the failure 

possibility of 63.2% is obtained through the intercept 
of fitting line with Y

i
= 0 . Such high electric break-

down strength may be attributed to the nano-sized 
grains in BNKLST thin film with a weakened ferro-
electricity. It is suggested that more grain boundaries 
in the BNKLST thin film could act as depletion space 
charge layers to hinder the transfer of charge carriers, 
leading to low leakage currents under applied elec-
tric fields [44]. In addition, multiple metal elements 
at A-site could disturb the long-range ferroelectric 
order in BNKLST thin film [45], where the resulting 
polar nano-regions could have reduced polarization 
currents under applied fields. Consequently, these 
two effects could work synergistically to enhance the 
electric breakdown strength of BNKLST thin film. As 
listed in Table 1, the BNKLST thin film has the larg-
est electric breakdown strength than other ferroelec-
tric thin films reported in previous studies, which is 
even larger than those of polymer thin films and metal 
oxides.

(4)X
i
= Ln

(

E
i

)

,

(5)Y
i
= Ln(−Ln(1 − i∕(n + 1)),

(6)P
i
= i∕(n + 1),

As listed in Table 1, the BNKLST thin film has the 
largest electric breakdown strength among those typi-
cal dielectric materials. Thus, the BNKLST thin film 
could be promising dielectric materials used in die-
lectric capacitors with high-energy storage density. 
As shown in Fig. 8a, a slim P–E hysteresis loop for 
BNKLST thin film is measured at room temperature 
under an applied electric field of 5.28 MV/cm. The 
recoverable energy storage density of 5.88 J/cm3 with 
an excellent energy storage efficiency of 93% can be 
obtained. In comparison with conventional ferroelec-
tric thin films such as BNT thin film [69, 70], although 
the BNKLST thin film has relatively smaller maximum 
polarization, it has much lower remanent polarization 
due to the existence of polar nano-regions resulting 
from the intrinsic chemical disorder at A-site. There-
fore, the BNKLST thin film could possesses high recov-
erable energy storage density as well as high energy 
storage efficiency. As shown in Fig. 8b, the BNKLST 
thin film has an ultra-high electric breakdown strength 
of Eb = 10.99 MV/cm with a moderate static dielectric 
constant of 115. Based on the equation U = 0.5ε0εrEb

2, 
the theoretical energy storage density U of BNKLST 
thin film is calculated to be 614.9  J/cm3, which is 
remarkably higher those of dielectrics listed in Table 1 
and shown in the inset of Fig. 8b, and is even compat-
ible with that of electrochemical supercapacitor.

4 �Conclusions

H i g h - e n t r o p y  f e r r o e l e c t r i c  t h i n  f i l m 
(Bi0.2Na0.2K0.2La0.2Sr0.2)TiO3 with a single- phase 
perovskite structure is prepared by sol–gel method. 
Raman spectroscopy illustrates that the chemical 
disorder at A-site of the BNKLST thin film weakens 
the Ti–O bond and the low concentration of oxygen 
vacancies could be caused by low annealing tempera-
tures. The ferroelectric and piezoelectric properties 
of BNKLST thin film are measured, which exhibit 
an enhanced piezoelectric modulus of d33 = 82 pm/V 
larger than that of conventional BNT thin film. More 
importantly, the electric breakdown strength as esti-
mated by Weibull distribution is found to be as high 
as 10.99 MV/cm, much higher than those of other fer-
roelectric thin films reported to date and even higher 
than those of polymer thin films and metal oxides. The 
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energy storage properties of BNKLST thin film shows 
a recoverable energy storage density of 5.88 J/cm3 with 
an excellent energy storage efficiency of 93%. The the-
oretical energy storage density of BNKLST could reach 
614.9 J/cm3, which is compatible to electrochemical 

supercapacitor. The superior energy storage proper-
ties of BNKLST thin film indicate that high-entropy 
ferroelectric thin films are promising dielectric materi-
als that can be used in next-generation power electron-
ics and semiconductor devices.

Table 1   Dielectric constant 
εr, electric breakdown 
strength Eb and theoretical 
energy storage density 
U = 0.5ε0εrEb

2 for various 
dielectric materials

BC bulk ceramic, FTF ferroelectric thin film, PTF polymer thin film, metal MO Oxides, HEBC high-
entropy bulk ceramics, HE-FTF high-entropy ferroelectric thin film

Materials type Materials Dielec-
tric 
constant

Eb (MV/cm) U (J/cm3) Refs

BC BZT-0.02NN 6927 0.17 8.86 [46]
BC PLZT  ~ 3500 0.085  ~ 1.12 [47]
BC 0.89BNT–0.06BT–0.05KNN  ~ 2000 0.056  ~ 0.28 [48]
BC 0.55BNT–0.45SBT  ~ 2500 0.72  ~ 57.37 [49]
BC 0.85KNN–0.15ST  ~ 1500 0.4  ~ 10.62 [50]
FTF BNT-BT-Mn6 355 2.55 102.19 [51]
FTF 0.92BT-0.08BNZ 427.5 2.01 76.46 [52]
FTF BL5ZT 284.8 3.8 182.06 [53]
FTF BBPT 100 3.2 45.33 [54]
FTF Ba(Zr0.2Ti0.8)O3  ~ 350 5.7  ~ 503.42 [55]
PTF PP with 3.65 mol% BST  ~ 3 6.5  ~ 5.61 [56]
PTF PET 3.3 5.7 4.75 [57]
PTF PEN 3.2 5.5 4.29 [57]
PTF PPS 3 5.5 4.02 [57]
PTF PVDF 12 5.9 18.49 [57]
PTF P(VDF-CTFE) 13 6.2 22.12 [58]
PTF P(VDF-HFP) 15 7 32.54 [59]
MO Al2O3-SiO2-TiO2-2% Ni2O3  ~ 26 0.82  ~ 0.77 [60]
MO TiO2 108 1.4 9.37 [61]
MO SrTiO3/4Al2O3  ~ 15 7.52  ~ 37.55 [62]
MO HfO2 25 6.7 49.68 [63]
MO La2O3 30 4 21.25 [63]
HEBC (Na0.2Bi0.2Ba0.2Sr0.2Ca0.2)TiO3  ~ 2900 0.145  ~ 2.70 [64]
HEBC (NaBaBi)x(SrCa)(1-3x)/2TiO3 4920 0.335 24.44 [65]
HEBC Bi0.5Na0.5K0.5Ba0.5Ca0.5TiO3 based  ~ 3300 0.14  ~ 2.86 [66]
HEBC (Bi1/6Na1/6Ba1/6Sr1/6Ca1/6Pb1/6)TiO3  ~ 3000 0.616  ~ 50.39 [67]
HE-FTF (Bi0.2Na0.2K0.2La0.2Sr0.2)TiO3 115 10.99 614.90 This work
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