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Herein, the effect of the insertion of a thin dielectric HfO2:Al2O3 (HAO) 
layer at different positions in the Pt/0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 
(BCZT)/Au structure on the energy storage performance of the capaci-
tors is investigated. A high storage performance is achieved through the 
insertion of a HAO layer between BCZT and Au layers. The insertion of 
the dielectric layer causes a depolarization field which results in a high 
linearity hysteresis loop with low energy dissipation. The Pt/BCZT/HAO/
Au capacitors show an impressive energy storage density of 99.8 J cm−3 
and efficiency of 71.0%, at an applied electric field of 750 kV cm−1. Further, 
no significant change in the energy storage properties is observed after 
passing 108 switching cycles through the capacitor. The presence of resis-
tive switching (RS) in leakage current characteristics confirms the strong 
charge coupling between ferroelectric and insulator layers. The same trend 
of the RS ratio and the energy storage performance with the variation of 
the architecture of the devices suggests that the energy storage properties 
can be improved through the charge coupling between the layers. By com-
bining ferroelectrics and dielectrics into one single structure, the proposed 
strategy provides an efficient way for developing highly efficient energy 
storage capacitors.
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1. Introduction

Recently, there has been a great demand 
for high energy storage and conversion 
devices to meet the exponential growth 
of power requirement in the modern 
society.[1,2] Among the various available 
electrical energy storage devices, such 
as batteries, supercapacitors, and dielec-
tric capacitors, the dielectric capacitors 
exhibit unique advantages such as ultra-
fast charge–discharge speed and high 
energy storage density.[3,4] Furthermore, 
the dielectric capacitors are classified 
as linear dielectric capacitors, antiferro-
electric ones and ferroelectric ones based 
on their polarization behavior.[5] Among 
them, the ferroelectric film capacitors 
usually possess short charge–discharge 
time (in the ns range), that make them 
suitable candidates for fast energy storage 
applications.[6]

The energy storage density and the 
energy storage efficiency are the two key 
factors that evaluate the performance of 
the energy storage capacitors. The energy 
storage density (Wrev) of ferroelectric thin 

film capacitors can be calculated by the integration of the P–E 
loops, as follows[5,7]
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where Pmax is the maximum polarization and Pr is the remnant 
polarization. Based on the equation, the high energy storage 
materials required the features of high Pmax and low Pr and the 
large breakdown strength field. On the other hand, the energy 
storage efficiency (η) can be calculated by using the following 
equation[5,7]
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where Wloss is the energy dissipated, which mainly depends on 
the hysteretic depolarization process.

Previously, ferroelectric materials in form of bulk have been 
investigated as energy storage capacitors, but their practical 
applications were limited due to high voltages. This high voltage 





maps disclosing the spatial distribution of platinum (Pt) ele-
ment from the bottom electrode, oxygen (O) element from the 
BCZT and/or HAO layers, and the hafnium (Hf) element from 
the HAO layer. The chemical maps clearly demonstrate that 
the diffusion between the Pt and O elements is more signifi-
cant for the Pt/BCZT structure (Figure 2a), while the insertion 
of a HAO layer between the Pt and BCZT layers significantly 
improves the interface sharpness in the Pt/HAO/BCZT struc-
tures, as evidenced in the Figure 2b. In Figure 2c is shown the 
spatial distribution of the Hf element at the Pt/HAO/BCZT 
interface to confirm the sharpness of the HAO layer and its 
thickness (10 nm).

Figure 3 depicts the polarization versus electric field (P–E) 
hysteresis loops for all the capacitors. For comparison, the P–E 
loop of the Pt/BCZT/Au capacitor is also given. The presence of 

the P–E loop confirms that all the structures exhibit a ferroelec-
tric nature. From Figure 3, it is also observed that the shape of 
the hysteresis is strongly dependent on the architecture of the 
sample: With the insertion of a dielectric layer, the hysteresis 
loops become slim and slant; this is beneficial for obtaining 
high energy storage efficiency due to the smaller hysteresis 
loss. In fact, the insertion of a dielectric layer can cause a depo-
larization field, which opposes to the applied electric field, and 
results in a slanted P–E hysteresis loop. The depolarization 
field can be expressed as follows[22]
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where Pf is the polarization of the ferroelectrics, L and d are the 
thicknesses of the ferroelectric film and the dielectric thin layer, 

and ε0, εf, and εd are the permittivity of free 
space, the ferroelectric layer, and the dielec-
tric layer, respectively.

The average values of average remnant 
polarization (Pr), maximum polarization 
(Pmax), and coercive field (Ec) observed in 
the capacitors are presented in Table 2. It 
was previously reported that polycrystal-
line BCZT thin films can exhibit a Pr of 
37 µC cm−2[23] and a Ps of ≈100 µC cm−2,[24] 
while epitaxial BCZT films can exhibit a 
maximum polarization of 148 µC cm−2 and 
a Pr of 95.80 µC cm−2.[14] It is well estab-
lished that polarization of ferroelectric thin 
films depended on the texture of the thin 
films. Usually, the epitaxial films or single 
crystals exhibit higher polarization than 
polycrystalline films since there are no grain 
boundaries to obstruct the domain orienta-
tions.[25] Therefore, the observed value of Pr 
≈ 47 µC cm−2 in present BCZT films is quite
reasonable and can be attributed due to (111)
preferred orientation.

From Table 2, it is possible to observe that 
the insertion of the HAO in different posi-
tions strongly influences t he Pr, Pmax, a nd 
Ec values. Moreover, the slight increase of 
Pr and Pmax values in the Pt/BCZT/HAO/Au 
capacitor as compared with the ones from 
the Pt/HAO/BCZT/Au capacitors might 
be 

Figure 2. AES maps for the a) Pt/BCZT and b,c) Pt/HAO/BCZT structures. Combined AES color map was obtained by overlapping the Pt and O maps.

Figure 3. P–E hysteresis loops for different architecture of the capacitors.



attributed to the highly (111)-oriented texture of BCZT films, 
as evidenced by the GIXRD measurements. The high textured 
films usually have less grain boundaries and this might facilitate 
the domain wall motion and thus the polarization is enhanced. 
Furthermore, the insertion of the HAO layer between the fer-
roelectric layer and the top/bottom electrode can enhance the 
quality of the interface, by reducing the thickness of the interfa-
cial passive layer and/or inter diffusion at the interface, as evi-
denced by the AES analysis, which suppresses the domain wall 
pinning and thus enhances the polarization.[26] In the case of 
the Pt/BCZT/HAO/BCZT/Au capacitors, the values of Pr, Pmax, 
and Ec decrease significantly. This might be attributed to the 
fact that each BCZT layer behaves like an individual one with 
half of the thickness of the other layers. Moreover, it is known 
that the values of Pr, Pmax, and Ec are decreasing functions of 
the ferroelectric layer in Pt/BCZT/HAO/Au capacitors.[26]

Table 2 depicts the calculated values of energy storage den-
sity and the energy storage efficiency for all the capacitors, at an 
applied electric field of ≈150 kV cm−1, besides the ferroelectric 
polarization values and coercive fields. One can observe that 
irrespective of the position of the dielectric layer, the capacitors 
based on BCZT-HAO structures show a superior performance 
when compared to capacitors based on BCZT. Particularly, Pt/
BCZT/HAO/Au capacitors show a 30% enhancement of the 
recoverable energy density when compared to Pt/BCZT/Au 
capacitors. This is consistent with the work of M. McMillen et al. 
that shows that the enhancement in recoverable energy with 
the insertion of 6 nm alumina layer on (BiFeO3)0.6–(SrTiO3)0.4  
ferroelectric capacitors leads to the same amount of enhance-
ment in recoverable energy.[11]

The frequency dependence of the dielectric permittivity 
and losses of the different capacitors have been studied and 
are shown in Figure 4. The values of dielectric permittivity of 
the Pt/BCZT/Au, Pt/BCZT/HAO/Au, Pt/HAO/BCZT/Au, and 

Pt/BCZT/HAO/HAO are found to be 2347, 764, 627, and 601, 
at a frequency of 1 kHz, respectively. The dielectric permittivity 
of the Pt/BCZT/Au capacitor is higher than the one found on 
literature for polycrystalline thin films[27] and lower than the 
one from epitaxial BCZT thin films.[28] Moreover, the drastic 
decrease observed in the dielectric permittivity with the inser-
tion of the dielectric layer agrees well with predictions for a 
series connection between the ferroelectric and the dielectric 
layer. From Figure 4, one can observe that the dielectric per-
mittivity decreases with the increase of frequency and this is 
attributed to the slowdown of the polarization at high frequen-
cies.[17] On the other hand, the dielectric loss values of all the 
structures show only slight changes over the frequency ranging 
from 100 Hz to 10 kHz and then increase to the maximum 
value.

In order to explain the mechanism of the energy storage 
density of the different capacitors more clearly, we have meas-
ured the leakage current versus voltage (I–V) for the ferroelec-
tric–dielectric capacitors. The DC voltage V was applied on the 
bottom Pt electrode with the Au electrode acting as the ground. 
The I–V curves for the Pt/BCZT/HAO/Au, the Pt/BCZT/HAO/
BCZT/Au, and the Pt/HAO/BCZT/Au capacitors are shown in 
Figure 5. These curves for the different capacitors show the 
bipolar resistive switching (RS), with two conductive states, 

Table 2. Average remnant polarization (Pr), maximum polarization 
(Pmax), and coercive field (Ec) for the different capacitors.

Capacitors Pr  
[µC cm−2]

Pmax  
[µC cm−2]

Ec  
[kV cm−1]

Wrev  
[J cm−3]

η(%)

Pt/BCZT/Au 47.0 106.5 32.0 2.3 28.5

Pt/BCZT/HAO/Au 37.5 116.5 29.5 3.3 35.9

Pt/HAO/BCZT/Au 33.0 114.5 28.0 3.7 37.5

Pt/BCZT/HAO/BCZT/Au 11.8 71.5 17.0 2.8 60.5

Figure 4. Frequency dependence of dielectric permittivity and losses for 
all the capacitors.

Figure 5. I–V characteristic curves for all the capacitors.



known as high resistance state (HRS) and low resistance state 
(LRS), clearly defined. The diode behavior and the RS effect 
are attributed to the barrier variation at the BCZT/HAO inter-
face caused by the ferroelectric polarization flipping, as we 
have shown previously in Pt/BCZT/HAO/Au capacitors.[26] 
Moreover, the RS ratio (RHRS/RLRS) was found to be ≈106, 105, 
and ≈104 for the Pt/BCZT/HAO/Au, the Pt/HAO/BCZT/Au, 
and the Pt/BCZT/HAO/BCZT/Au capacitors, respectively. The 
decrease on the RS ratio is explained by the decrease of the Pr 
values. Additionally, the switching field (Es) was found to be 
34.4, 28.5, and 12.5 kV cm−1 for the Pt/BCZT/HAO/Au, the Pt/
HAO/BCZT/Au, and the Pt/BCZT/HAO/BCZT/Au capacitors, 
respectively, which is similar to the coercive field obtained from 
the P–E loops for each capacitor. This also confirms that the RS 
effect is due to the electrostatic coupling between the HAO and 
the BCZT layers.[20]

Since the energy storage density is strongly dependent on 
the applied field, the capacitors Pt/BCZT/HAO/Au, Pt/HAO/
BCZT/Au, and Pt/BCZT/HAO/BCZT/Au have been chosen 
to be investigated at high electrical fields. Figure 6 shows the 
electric field dependent P–E hysteresis loops for these capaci-
tors and Figure 7a,b shows a quantitative analysis of the P–E 
loops by evidencing the variation of the average Pr, Pmax, Ec, and 
Pmax – Pr values with the electric field. One can observe that the 
values of Pr, Pmax, and Ec tend to increase with the applied elec-
tric field. However, it is possible to observe that the Pmax – Pr 
values increase more notably with the electric field for the Pt/
BCZT/HAO/Au capacitors. This is due to the fact that the Pmax 
value increases 72.6%, while Pr softly increases 31.8% in the 
studied electric field range. Therefore, a higher Pmax –Pr value 

leads to a higher linear hysteresis loop, which is obtained for 
the Pt/BCZT/HAO/Au capacitors.

The energy storage density and the energy storage efficiency 
were calculated and are presented in Figure 8, as a function of 
the applied electric field from ≈150 to 750 kV cm−1. Figure 8 
reveals that the energy storage density and the energy storage 
efficiency are maximum for the Pt/BCZT/HAO/Au capacitor 
with an energy storage density of 99.8 J cm−3 and efficiency 
of 71.0%, at 750 kV cm−1. The electric breakdown of the pre-
sent structures is higher than the one reported for BCZT 
ceramics (160 kV cm−1)[16] and is comparable with the ones 
reported for BaTiO3 (500 kV cm−1) and BCZT (1000 kV cm−1)
thin films.[27,29] The high energy storage performance in this 
capacitor is attri buted to the depolarization field and strong 
charge coupling caused by the insertion of the dielectric 
layer, to the high polarization values, but also to the higher 
difference between the maximum and remnant polarization 
(Pmax–Pr) values, which results in a high linearity hysteresis 
loop with low energy dissipation. Moreover, a similar trend of 
the RS ratio and the energy storage performance is observed in 
different architecture of the capacitors. The Pt/BCZT/HAO/Au 
capacitor shows the highest RS ratio and the highest energy 
storage energy density and efficiency. This confirms that the 
charge coupling between ferroelectric-insulator layers can 
improve energy storage efficiency as it modifies the entire 
band profile at the interface. Table 3 shows a comparison of 
the energy storage density and efficiency obtained in this work 
with the ones presented in the literature for ferroelectric and 
ferroelectric–dielectric capacitors. The attractive features of 
the present Pt/BCZT/HAO/Au capacitors are the excellent 

energy storage density (99.8 J cm−3), and 
also the high energy storage efficiency (71%) 
simultaneously, at an applied electric field of 
750 kV cm−1.

From practical application viewpoint, the 
validation of the capacitor stability under 
continuous cycling is essential. The P–E 
loops were measured up to 108 cycles, at 
room temperature, and the energy storage 
properties as a function of the number of 
cycles are shown in Figure 9. The energy 
storage properties of the Pt/BCZT/HAO/Au 
capacitors show no significant changes a fter 
continuous cycling, as shown in Figure 9, 
suggesting that the present capacitors are 

Figure 6. Electrical field dependent P–E hysteresis loops for all the capacitors.

Figure 7. a) Pr and Pmax and b) Ec and Pmax–Pr values as a function of the applied electric field.



potential candidates for efficient and ultrafast energy storage 
applications.

3. Conclusion

In conclusion, the insertion of a thin dielectric HAO layer in 
a Pt/BCZT/Au capacitor proved to be an innovative strategy 
to improve the energy storage performance of the capaci-
tors. The insertion of the HAO layer provided a depolarizing 
field, which counteracts the external electric field, and led to 
the slimming of the P–E loop. Meanwhile, the ferroelectric 
polarization behavior was also tuned by the insertion of the 

HAO layer at different positions of the capacitor due to the 
change in the texture of the BCZT layer. The high linearity 
of hysteresis loops with low energy dissipation was achieved 
by placing the HAO layer between the BCZT and the top Au 
electrode. For the Pt/BCZT/HAO/Au capacitor, the obtained 
storage density and efficiency are 99.8 J cm−3 and 71.0%, 
respectively. Moreover, the energy storage performance of the 
present capacitors was stable up to 108 cycles. The resistive 
switching effect confirmed the presence of the charge coup-
ling at the interface and thus modified the energy storage 
properties accordingly. Therefore, the present work showed 
that the integration of ferroelectric with dielectric layers may 
be an effective way to improve the energy storage performance 
of dielectric capacitors.

4. Experimental Section
By using a commercially available HfO2:Al2O3 = 1:1 (Goodfellow, 99.9%) 
target and a BCZT target prepared by conventional solid state reaction 
as previously described by Silva et al.,[37] the BCZT/HAO, HAO/BCZT 
and BCZT/HAO/BCZT multilayered thin films were grown, by ion 
beam sputter deposition (IBSD) technique on top of Si/SiO2/TiO2/
Pt substrates. The system was equipped with a multitarget carousel 
that allowed deposition of both layers successively, without breaking 
the vacuum. The vacuum chamber was first evacuated down to a low 
pressure of 1 × 10−6 mbar prior to the deposition. During the deposition, 
the substrate was kept at a temperature of 330 °C and at a distance of 
87.3 mm from the target. The gas pressure inside the chamber was 
maintained constant at 2.5 × 10−4 mbar. A gas flow of 6.0 mL min−1 of 
Ar + 2.0 mL min−1 of O2 was introduced into the ion beam gun and the
atoms were ionized in the ion source with an rf-power of 120 W. The 
ions beam was further accelerated at 900 V and the ion beam current 
was regulated to remain at 31 mA. To grow the BCZT/HAO bilayers, 
first a BCZT layer with thickness of 150 nm was deposited on a Pt/TiO2/
SiO2/Si substrate. Next, a 10 nm thick HAO layer was grown and, after 
the deposition, the bilayers were annealed in air at 750 °C. Similarly, 
HAO (10 nm)/BCZT (150 nm) bilayered and BCZT (75 nm)/HAO 

Figure 8. Energy storage density and energy storage efficiency as a func-
tion of the applied electric field for the different architecture capacitors.

Table 3. Comparison of the energy storage density and efficiency obtained in this work with the ones presented in the literature for ferroelectric and 
ferroelectric–dielectric based capacitors.

Materials Film thickness  
[nm]

Fabrication  
method

E  
[kV cm−1]

Wrev  
[J cm−3]

η(%) Ref.

BCZT 360 PLD 2080 39.11 33 [14]

Pb(Zr0.52Ti0.48)O3 300 PLD 1000 9.2 56.4 [30]

0.94(Bi0.5)TiO3–0.06BaTiO3/BiFeO3 400 Sol–gel 2400 31.96 61 [4]

Mn-doped 0.7(Na0.5Bi0.5)TiO3–0.3SrTiO3 190 Sol–gel 1894 27 <50 [31]

Pb0.90La0.10(Zr0.52Ti0.48)O3 500 PLD 1500 23.2 91.6 [32]

Ba(Zr0.2Ti0.8)O3 350 Magnetron sputtering 5700 166 80 [33]

Na0.5K0.5NbO3–BiMnO3 700 Sol–gel 800 14.8 79 [34]

0.25BiFeO3–0.75BaTiO3 180 PLD 2050 52.2 – [24]

BiFeO3/Bi3.25La 0.75Ti3O12/BiFeO3 320 CSD 2753 65.5 74.2 [8]

0.9(0.94(Na0.5Bi0.5)TiO3–0.06BaTiO3)–0.1NaNbO3 300 Magnetron sputtering 3170 32 90 [35]

Ba0.7Ca0.3TiO3/BaZr0.2Ti0.8O3 100 Magnetron sputtering 4500 52.4 72.3 [36]

PbZr0.52Ti0.48O3/Al2O3/PbZr0.52Ti0.48O3 330 Sol–gel 5500 63.7 81.3 [19]

0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3/HfO2:Al2O3 160 Ion-beam sputtering 750 99.8 71.0 This work



(10 nm)/BCZT (75 nm) trilayered thin films were grown on Pt/TiO2/
SiO2/Si under identical conditions.

The thin films were structurally characterized by GIXRD with a Bruker 
D8 Discover diffractometer using Cu-Kα radiation (λ = 1.54056 Å) and 
an incident beam angle of 1.5°. AES analyses were performed with a 
“Physical Electronics PHI 710e/680 Hybrid” field emission scanning 
Auger microscope (SAM). Acceleration voltage of the exciting electron 
beam was fixed at 10 keV, and the sample current was aligned to 10 nA. 
The AES depth profiles were obtained by using a 2 keV Ar ion beam. The 
sputtering rate was 4 nm min−1 for a SiO2 standard. After the profiles, the 
elemental maps were measured at the crater edge. For the ferroelectric 
and electrical characterization, circular gold (Au) electrodes having a 
diameter of 1 mm were deposited by thermal evaporation on the upper 
surface of the structure. The ferroelectric hysteresis loops (P–E) were 
measured at room temperature, with a modified Sawyer-Tower circuit 
using a sinusoidal signal at 1 kHz, while the dielectric response was 
measured using an Agilent E4980A LCR meter in the frequency range 
of 100 Hz to 1 MHz with an AC measuring voltage of 50 mV. The I–V 
characteristics were measured using a Keithley 617 programmable 
electrometer. The fatigue test was done by using the same modified 
Sawyer-Tower circuit at 100 kHz.
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