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Abstract: The leakage behavior of ferroelectric film has an important effect on energy storage char-
acteristics. Understanding and controlling the leakage mechanism of ferroelectric film at different
temperatures can effectively improve its wide-temperature storage performance. Here, the struc-
tures of a 1 mol% SiO2-doped BaZr0.35Ti0.65O3 (BZTS) layer sandwiched between two undoped
BaZr0.35Ti0.65O3 (BZT35) layers was demonstrated, and the leakage mechanism was analyzed com-
pared with BZT35 and BZTS single-layer film. It was found that interface-limited conduction of
Schottky (S) emission and the Fowler-Nordheim (F-N) tunneling existing in BZT35 and BZTS films
under high temperature and a high electric field are the main source of the increase of leakage current
and the decrease of energy storage efficiency at high temperature. Only an ohmic conductive mecha-
nism exists in the whole temperature range of BZT35/BZTS/BZT35(1:1:1) sandwich structure films,
indicating that sandwich multilayer films can effectively simulate the occurrence of interface-limited
conductive mechanisms and mention the energy storage characteristics under high temperature.

Keywords: multilayer structure; ferroelectrics; energy storage and conversion; electrical properties

1. Introduction

The lead-free dielectric material for energy storage application has progress greatly
in recent years, especially for the Ba(ZrxTi1−x)O3 (BZT)-based systems [1–5]. The large
bandgap, high dielectric constant, and low dielectric loss make them an excellent mate-
rial for energy storage applications, and they have great advantages in high-power and
high-energy-capacitor energy storage applications. From the practical point of view, on
the one hand, with its application in new energy vehicles, the requirement for high tem-
perature stability is getting higher and higher. On the other hand, with the development
of miniaturization of electronic devices, temperature stability is also becoming more and
more important. All these require the energy storage conversion unit not only to have
high energy storage density and efficiency, but also to have good high temperature sta-
bility [6,7]. As we know, thermal energy can aid the transport of the charge carrier and
strongly influence the leakage current, and the leakage current determines the breakdown
field strength and thus the energy storage performance [8,9]. It is exciting that, with the
application of interface engineering in multilayer films, the breakdown field strength can
be effectively improved, and the wide-temperature storage characteristics can be improved
by constructing multilayer structures reasonably [10–16]. However, the mechanism by
which the structure influences the leakage current at high temperature is unclear.

Therefore, in this work, the leakage current mechanism is analyzed deeply based on
BaZr0.35Ti0.65O3 (BZT35), 1 mol% SiO2-doped BaZr0.35Ti0.65O3 (BZTS) single-layer film and
BZT35/BZTS/BZT35(1:1:1) sandwich structure multilayer film, so as to deeply understand
the enhancement mechanism of breakdown strength and wide-temperature stability of

Materials 2023, 16, 712. https://doi.org/10.3390/ma16020712 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma16020712
https://doi.org/10.3390/ma16020712
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://doi.org/10.3390/ma16020712
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16020712?type=check_update&version=1


Materials 2023, 16, 712 2 of 8

multilayer film (reported in our previous work [17]). This provides a theoretical basis for
further enhancing the wide-temperature energy storage properties of dielectric films.

2. Materials and methods
2.1. Materials and Fabrication

The epitaxial BZT35/BZTS/BZT35 sandwich-structure multilayer film, as well as the
BZT35 and BZTS single-layer film, were grown on (001) oriented 0.7 wt% Nb doped SrTiO3
(Nb:STO) substrates through a radio-frequency (RF) magnetron sputtering system. The
grown temperature and atmosphere were 700 ◦C and an Ar/O2 (1:1) mixture with the pres
of 0.2 mbar, respectively. When grown, the thin films were in situ annealed at 700 ◦C under
400 mbar of Ar/O2 (1:1) mixture for 15 min, and then cooled down to room temperature at
a rate of 10 ◦C min−1. The thickness of both single-layer and multilayer thin films were
controlled to about 400 nm, and the thickness ratios of the layers in the sandwich structures
multilayer thin film was designed as tBZT35:tBZTS:tBZT35 = 1:1:1.

2.2. Material Characterization

For the measurement of the dielectric properties, the 100 nm-thickness top electrode
of Pt with the dimension of 200 µm × 200 µm were deposited using the RF-sputtering
technology with a shadow mask. The current-voltage characteristics were measured using
an Agilent B2901A precision source.

2.3. Main Conduction Mechanisms

Ohmic conduction: this conduction mechanism mainly takes the free electrons in the
conduction band and the holes in the valence band as the carrier transmission mechanism,
and it shows a linear relationship between the current density and the electric field. The
current density can be expressed as [18,19]:

J = enµE (1)

where J, e, n, µ, E are the current density, electron charge, electron density in conduction
band, electron mobility, and electric field, respectively.

Space-charge-limited conduction (SCLC): in this conduction, the current through this
medium has nothing to do with the conductivity of the medium, but is only determined by
the space charge in the medium. The current density can be expressed as [20]:

J =
9
8

εrε0µ
E2

d
(2)

where εr, ε0, d are the relative dielectric constant of the film, permittivity of the free space,
and film thickness, respectively.

Poole-Frenkel (P-F) emission: P-F emission is similar to Schottky emission, and is also
called the internal Schottky emission sometimes. The current density can be expressed
as [19,20]:

J = AEexp

[
−
(
φA − e

√
eE/πεoptε0

)
kT

]
(3)

where A, φA, εopt, k, T are a constant in the trap ionization energy, optical dielectric constant
of the film, Boltzmann’s constant, and the temperature, respectively.

Schottky (S) emission: the difference between the electron affinity of an insulator and
the metal work function is the barrier height, and when the electrons in the metal obtain
enough energy provided by thermal activation, it will overcome the energy barrier to go to
the dielectric. The current density can be expressed as [20,21]:

J = BT2exp

[
−
(
φB − e

√
eE/4πεoptε0

)
kT

]
(4)
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where B and φB are a constant and the Schottky barrier height, respectively.
Fowler–Nordheim (F-N) tunneling: when the applied electric field is large enough, the

energy band of the insulator will be thinner, and the electrons can directly tunnel through
the insulation layer to generate current. The current density can be expressed as [19–21]:

J = DE2exp

(
−Nφ3/2

D
E

)
(5)

where D and N are constants, and φD is the potential barrier height.

3. Results and Discussion
3.1. Leakage Current Density

The schematic structure of thin films and capacitors integrated on Nb:STO were
shown in the Figure 1. For the sandwich structure multilayer thin film, BZTS with a high
breakdown electric field (Eb) was used as core layer and BZT35 was used as the outer
layer. In order to unveil the relationship between the leakage behavior and structure, the
samples of BZT35, BZTS, and BZT35/BZTS/BZT35(1:1:1) were chosen as model. The
leakage current density of them at the temperature range of −100~200 ◦C was investigated,
as shown in Figure 2a–c. It can be seen that the leakage current density J increase with
increasing the temperature under the same electric field for all samples of BZT35, BZTS, and
BZT35/BZTS/BZT35(1:1:1). However, when the temperature exceeds a certain level, it can
be seen that J increases sharply under a high electric field for BTZ and BZT35 monolayer
films. It can be seen more clearly from the Figure 2d that the leakage current density of
these three samples is JBZT35/BZTS/BZT35(1:1:1) < JBZTS < JBZT35. When the temperature above
160 ◦C, the J of BZT35 film increased by 11.5 times from 1.3 × 10−5 A/cm2 at 160 ◦C to
1.5 × 10−4 A/cm2 at 200 ◦C, and the J of BZTS increases 2.8 times. This is because the
SiO2 has a large band gap and good insulation, and a small amount of SiO2 doping can
improve the insulation of the BZT film and reduce the leakage current. In contrast, the J of
BZT35/BZTS/BZT35(1:1:1) increases only 1.5 times from 1.4 × 10−6 A/cm2 at 160 ◦C to
2.1 × 10−6 A/cm2 at 200 ◦C. The lowest leakage current density BZT35/BZTS/BZT35(1:1:1)
in a wide range of temperature makes it have a higher breakdown electric field, and
achieves high energy storage density Wre at 200 ◦C in our previous report [17].
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3.2. Leakage Mechanism under 200 ◦C

For clear understanding of the leakage mechanism, both bulk-limited conductions of
the Ohmic, SCLC, P-F emission and interface-limited conductions of S emission, F-N tun-
neling are used to analyze the J-E curves of BZT35, BZTS, and BZT35/BZTS/BZT35(1:1:1)
under positive bias at 200 ◦C. The linear fitting of lnJ vs. lnE is performed on these three
samples separately, as shown in Figure 3a. It can be seen that the slope of the fitting
line for the whole curve of BZT35/BZTS/BZT35(1:1:1) is about one, indicating that only
Ohmic conduction behavior (according to the Equation (1)) exists in the whole range of
the test electric field. The current is determined primarily by the concentration of the elec-
trons that are thermally excited and transmitted from the valence band to the conduction
band [18,19]. However, for BZT35 and BZTS single-layer films, the lnJ vs lnE curves can
be divided in three parts. The first part (E < E1) has a slope of about one, similar with
BZT35/BZTS/BZT35(1:1:1), the Ohmic conduction behavior plays the dominant role. The
second part (E1 < E < E2) of slope = 2 indicates an SCLC behavior (according to the Equation
(2)). It should be caused by the low mobility of BZT35 and BZTS, where the transport of
charges injected from electrode is not timely enough, and remaining charges formed as the
space charges. In the third part (E > E2), the slope is greater than two. The sharp increase in
leakage current can be interpreted as the trap being fully charged. As the P-F mechanism
dominated by bulk-limited conduction usually occurred at a higher electric field than the
SCLC conduction, and in this mechanism the energy barrier height of the carrier jumping
to the valence or conductive band decreases so that more carriers can jump over the energy
barrier height to the valence or conductive band, we conducted a linear fitting of the ln(J/E)
and E1/2 relationship curves (according to the Equation (3)) of BZT35 and BZTS films,
as shown in Figure 3b. It can be seen that the corresponding optical refractive index n
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calculated from the ln(J/E) and E1/2 curves of both BZT35 and BZTS films are much greater
than two (n is around two for BZT35 and BZTS [22–25]), indicating that there is no P-F
conduction mechanism in these two samples.
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Figure 3. The ln(J) vs. ln(E) (a), ln(J/E) vs E1/2 (b), ln(J) vs E1/2 (c) and ln(J/E2) vs. 1/E (d) for BZT35,
BZTS and BZT35/BZTS/BZT35(1:1:1) films under 200 ◦C.

In order to uncover the conduction mechanism of BZT35 and BZTS films in the larger
electric filed (the part of E > E2, in Figure 3a), the interface-limited conduction mechanism
of S emission and F-N tunneling are explored [18–21,26]. The linear fitting of ln(J) and
E1/2 was investigated first, as shown in Figure 3c. The value of n, calculated by the fitting
of both BZT35 and BZTS, is about two (insert of Figure 3c). This means the S emission
(according to the Equation (4)) plays a key role in both BZT35 and BZTS films. Then the
linear fitting of ln(J/E2) vs. (1/E) curves (as shown in Figure 3d) are investigated to confirm
whether leakage current is dominated by the F-N tunneling or not. It can be seen that both
BZT35 and BZTS have a linear fitting at a high electric field (low 1/E), indicating the F-N
tunneling conductive mechanism (according to the Equation (5)) exists in both BZT35 and
BZTS films at a high electric field.

It can be seen from the discussion above of conduction mechanisms at 200 ◦C for
BZT35, BZTS and BZT35/BZTS/BZT35(1:1:1) that the current at a low electric field is
derived from the Ohmic conduction behavior, then from SCLC behavior at a higher electric
field, while S emission and F-N tunneling conductive mechanisms act at much higher
electric field for BZT35 and BZTS films. For BZT35/BZTS/BZT35(1:1:1) sandwich structure
film, only Ohmic conduction behavior is founded at the measured electric field range.

3.3. Leakage Mechanism under All Temperature

To have a more intuitive understanding of the leakage behavior of BZT35, BZTS, and
BZT35/BZTS/BZT35(1:1:1) at different temperature, the conduction mechanism under both
positive and negative biases at different temperatures are shown in Figure 4a–c. It can be
seen that there is only bulk-limited conduction (Ohmic conduction and SCLC behavior) at
low temperature under the electric field of −3.0 MV/cm to 3.0 MV/cm for BZT35 and BZTS
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films. With the increasing of temperature, it shows interface-limited conduction mechanism
of F-N tunneling at a negative bias under a high electric field (120 ◦C) and then S emission
co-exists with F-N tunneling at high temperature (140 ◦C) for negative bias, 160 ◦C for
positive bias for BZT35 films, as shown in Figure 4a, which causes the energy storage
density to decrease sharply, as shown in Figure 4d. For BZTS films, as shown in Figure 4b,
the interface-limited conduction mechanism of F-N tunneling at both negative and positive
biases under a high electric field (160 ◦C) and then S emission co-exists with F-N tunneling
at high temperature (180 ◦C). This means that the interface-limiting conduction mechanism
is narrower than BZT35 film, and the doped SiO2 is beneficial to obtain a relatively lower
leakage current. It is exciting that only Ohmic conduction is found in the temperature range
from −100 ◦C to 200 ◦C under the tested electric field for BZT35/BZTS/BZT35(1:1:1) film, as
shown in Figure 4c. The conduction can be described from the insert energy band diagram
in Figure 3c: the electrons obtain activation energy Φ, and transition to the conduction band
of the dielectric material to form conduction. This indicates that BZT35/BZTS/BZT35(1:1:1)
sandwich structures can effectively block the thermal excitation of electrons and prevent
the electrons from traps into the conduction band of the dielectric. From the energy
storage efficiency η under the different temperature of these three samples at 3 MV/cm
showed in Figure 4d, it can be seen that the η decreases with increasing the temperature
for all of them, and the η of BZT35 decreases more quickly than BZTS, especially at high
temperature. The trend of ηBZT35/BZTS/BZT35(1:1:1) > ηBZTs > ηBZT35 (in Figure 4d) and
JBZT35/BZTS/BZT35(1:1:1) < JBZTS < JBZT35 (in Figure 2d) shows that the η is closely related to
the leakage current of the film, the higher leakage current, the lower η. This proves that
the sandwich structure film of BZT35/BZTS/BZT35(1:1:1) successfully reduces the leakage
current of the material at high temperature, thus achieving high breakdown field strength
and excellent energy storage performance at high temperature.
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4. Conclusions

In this work, the leakage current of BZT35, BZTS and BZT35/BZTS/BZT35(1:1:1) was
investigated and detailed, and the conduction mechanism of them at different temperature
under different electric fields are discussed. The S emission and F-N tunneling conduction
of interface-limited conduction mechanisms are the main source of the increasing the
leakage current of BZT35 and BZTS film at a high electric field and high temperature.
This makes them have a lower breakdown field strength and a significant decrease in
energy storage efficiency at high temperatures. On the contrary, the leakage behavior of
BZT35/BZTS/BZT35(1:1:1) sandwich structures under the whole test electric field and
temperature only has an ohmic conduction mechanism, which is the main reason for its
high breakdown field strength and good stability at wide temperature.

Author Contributions: Conceptualization, C.-L.J. and M.L.; methodology, G.H., Q.F. and C.M.;
software, G.H. and Y.S.; formal analysis, G.H.; investigation, G.H. and M.L.; resources, G.H. and Q.F.;
data curation, G.H. and Q.F.; writing—original draft preparation, G.H. and Y.S.; writing—review
and editing, W.Z., T.L. and C.M.; visualization, G.H. and Y.S.; supervision, M.L. and C.-L.J.; project
administration, G.H. and M.L.; funding acquisition, G.H., C.M. and M.L.; All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Nos. 51702255,
62001371, U2032168, and 51390472) and the Fundamental Research Funds for the Central Universities.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fan, Q.L.; Ma, C.S.; Ma, C.R.; Lu, R.; Cheng, S.; Liu, M. Manipulating leakage behavior via thickness in epitaxial BaZr0.35Ti0.65O3

thin film capacitors. Appl. Phys. Lett. 2020, 116, 192902. [CrossRef]
2. Liang, Z.S.; Liu, M.; Ma, C.R.; Shen, L.K.; Lu, L.; Jia, C.L. High-performance BaZr0.35Ti0.65O3 thin film capacitors with ultrahigh

energy storage density and excellent thermal stability. J. Mater. Chem. A 2018, 6, 12291–12297. [CrossRef]
3. Nguyen, M.D. Ultrahigh energy-storage performance in lead-free BZT thin-films by tuning relaxor behavior. Mater. Res. Bull.

2021, 133, 111072. [CrossRef]
4. Sun, Z.X.; Ma, C.R.; Wang, X.; Liu, M.; Lu, L.; Wu, M.; Lou, X.J.; Wang, H.; Jia, C.L. Large Energy Density, Excellent Thermal

Stability, and High Cycling Endurance of Lead-Free BaZr0.2Ti0.8O3 Film Capacitors. Acs Appl. Mater. Inter. 2017, 9, 17097–17102.
[CrossRef]

5. Binhayeeniyi, N.; Sukwisute, P.; Nawae, S.; Muensit, N. Energy Conversion Capacity of Barium Zirconate Titanate. Materials 2020,
13, 315. [CrossRef] [PubMed]

6. Li, Q.; Yao, F.Z.; Liu, Y.; Zhang, G.Z.; Wang, H.; Wang, Q. High-Temperature Dielectric Materials for Electrical Energy Storage.
Annu. Rev. Mater. Res. 2018, 48, 219–243. [CrossRef]

7. Hu, G.L.; Ma, C.R.; Wei, W.; Sun, Z.X.; Lu, L.; Mi, S.B.; Liu, M.; Ma, B.H.; Wu, J.; Jia, C.L. Enhanced energy density with a wide
thermal stability in epitaxial Pb0.92La0.08Zr0.52Ti0.48O3 thin films. Appl. Phys. Lett. 2016, 109, 193904. [CrossRef]

8. Shamsul, Z.; Morshuis, P.H.F.; Yahia, B.M.; Gernaey, K.V.; Skov, A.L. The Electrical Breakdown of Thin Dielectric Elastomers:
Thermal Effects. Proc. Spie. 2014, 9056, 711–721.

9. Xiao, M.; Zhang, M.D.; Liu, H.L.; Du, B.X.; Qin, Y.W. Dielectric Property and Breakdown Strength Performance of Long-Chain
Branched Polypropylene for Metallized Film Capacitors. Materials 2022, 15, 3071. [CrossRef]

10. Lv, P.P.; Yang, C.H.; Qian, J.; Wu, H.T.; Huang, S.F.; Cheng, X.; Cheng, Z.X. Flexible Lead-Free Perovskite Oxide Multilayer
Film Capacitor Based on (Na0.8K0.2)0.5Bi0.5TiO3/Ba0.5Sr0.5(Ti0.97Mn0.03)O3 for High-Performance Dielectric Energy Storage. Adv.
Energy. Mater. 2020, 10, 1904229. [CrossRef]

11. Sun, Z.X.; Ma, C.R.; Liu, M.; Cui, J.; Lu, L.; Lu, J.B.; Lou, X.J.; Jin, L.; Wang, H.; Jia, C.L. Ultrahigh Energy Storage Performance of
Lead-Free Oxide Multilayer Film Capacitors via Interface Engineering. Adv. Mater. 2017, 29, 1604427. [CrossRef] [PubMed]

12. Hu, T.Y.; Ma, C.R.; Dai, Y.Z.; Fan, Q.L.; Liu, M.; Jia, C.L. Enhanced Energy Storage Performance of Lead-Free Capacitors in an
Ultrawide Temperature Range via Engineering Paraferroelectric and Relaxor Ferroelectric Multilayer Films. Acs Appl. Mater. Inter.
2020, 12, 25930–25937. [CrossRef]

13. Feng, M.J.; Feng, Y.; Zhang, T.D.; Li, J.L.; Chen, Q.G.; Chi, Q.G.; Lei, Q.Q. Recent Advances in Multilayer-Structure Dielectrics for
Energy Storage Application. Adv. Sci. 2021, 8, 2102221. [CrossRef]

http://doi.org/10.1063/1.5145119
http://doi.org/10.1039/C7TA11109F
http://doi.org/10.1016/j.materresbull.2020.111072
http://doi.org/10.1021/acsami.7b03263
http://doi.org/10.3390/ma13020315
http://www.ncbi.nlm.nih.gov/pubmed/31936684
http://doi.org/10.1146/annurev-matsci-070317-124435
http://doi.org/10.1063/1.4967223
http://doi.org/10.3390/ma15093071
http://doi.org/10.1002/aenm.201904229
http://doi.org/10.1002/adma.201604427
http://www.ncbi.nlm.nih.gov/pubmed/27897340
http://doi.org/10.1021/acsami.0c05560
http://doi.org/10.1002/advs.202102221


Materials 2023, 16, 712 8 of 8

14. Zhang, J.; Zhang, Y.Y.; Chen, Q.Q.; Chen, X.F.; Wang, G.S.; Dong, X.L.; Yang, J.; Bai, W.; Tang, X.D. Enhancement of Energy-Storage
Density in PZT/PZO-Based Multilayer Ferroelectric Thin Films. Nanomaterials 2021, 11, 2141. [CrossRef]

15. Sui, H.T.; Sun, H.J.; Yan, C.; Xiao, S.B.; Wang, Y.; Liu, X.F.; Huang, D.P. The construction of relaxor perovskite Na0.5Bi0.5(Fe0.03Ti0.97)O3/
Ba(Ti1-xSrx)O3 multilayer thin film and explorations on origin of the enhanced energy storage performance. Appl. Surf. Sci. 2021,
543, 148755. [CrossRef]

16. Wu, M.; Xiao, Y.A.; Yan, Y.; Liu, Y.B.; Li, H.Q.; Gao, J.H.; Zhong, L.S.; Lou, X.J. Achieving Good Temperature Stability of Dielectric
Constant by Constructing Composition Gradient in (Pb1-x,Lax)(Zr0.65,Ti0.35)O3 Multilayer Thin Films. Materials 2022, 15, 4123.
[CrossRef]

17. Fan, Q.L.; Ma, C.R.; Li, Y.; Liang, Z.S.; Cheng, S.; Guo, M.Y.; Dai, Y.Z.; Ma, C.S.; Lu, L.; Wang, W.; et al. Realization of high
energy density in an ultra-wide temperature range through engineering of ferroelectric sandwich structures. Nano Energy 2019,
62, 725–733. [CrossRef]

18. Pan, H.; Zhang, Q.H.; Wang, M.; Lan, S.; Meng, F.Q.; Ma, J.; Gu, L.; Shen, Y.; Yu, P.; Lin, Y.H.; et al. Enhancements of dielectric and
energy storage performances in lead-free films with sandwich architecture. J. Am. Ceram. Soc. 2019, 102, 936–943. [CrossRef]

19. Song, D.P.; Yang, J.; Yang, B.B.; Chen, L.Y.; Wang, F.; Zhu, X.B. Evolution of structure and ferroelectricity in Aurivillius
Bi4Bin-3Fen-3Ti3O3n+3 thin films. J. Mater. Chem. C 2018, 6, 8618–8627. [CrossRef]

20. Yang, H.; Jain, M.; Suvorova, N.A.; Zhou, H.; Luo, H.M.; Feldmann, D.M.; Dowden, P.C.; DePaula, R.F.; Foltyn, S.R.; Jia, Q.X.
Temperature-dependent leakage mechanisms of Pt/BiFeO3/SrRuO3 thin film capacitors. Appl. Phys. Lett. 2007, 91, 072911.
[CrossRef]

21. Zhao, R.; Li, W.W.; Chen, L.; Meng, Q.Q.; Yang, J.; Wang, H.; Wang, Y.Q.; Tang, R.J.; Yang, H. Conduction mechanisms of epitaxial
EuTiO3 thin films. Appl. Phys. Lett. 2012, 101, 102901. [CrossRef]

22. Vasilescu, C.A.; Crisan, M.; Ianculescu, A.C.; Raileanu, M.; Gartner, M.; Anastasescu, M.; Dragan, N.; Crisan, D.; Gavrila, R.;
Trusca, R. Structure, morphology and optical properties of multilayered sol-gel BaTi0.85Zr0.15O3 thin films. Appl. Surf. Sci. 2013,
265, 510–518. [CrossRef]

23. Xin, J.Z.; Leung, C.W.; Chan, H.L.W. Composition dependence of structural and optical properties of Ba(ZrxTi1-x)O3 thin films
grown on MgO substrates by pulsed Laser deposition. Thin Solid Films 2011, 519, 6313–6318. [CrossRef]

24. Liu, A.Y.; Xue, J.Q.; Meng, X.J.; Sun, J.L.; Huang, Z.M.; Chu, J.H. Infrared optical properties of Ba(Zr0.20Ti0.80)O3 and
Ba(Zr0.30Ti0.70)O3 thin films prepared by sol-gel method. Appl. Surf. Sci. 2008, 254, 5660–5663. [CrossRef]

25. Xu, J.B.; Gao, C.; Zhai, J.W.; Yao, X.; Xue, J.Q.; Huang, Z.M. Structure-related infrared optical properties of Ba(ZrxTi1-x)O3 thin
films grown on Pt/Ti/SiO2/Si substrates by low-temperature processing. J. Cryst. Growth 2006, 291, 130–134. [CrossRef]

26. Chiu, F.C. A Review on Conduction Mechanisms in Dielectric Films. Adv. Mater. Sci. Eng. 2014, 2014, 578168. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/nano11082141
http://doi.org/10.1016/j.apsusc.2020.148755
http://doi.org/10.3390/ma15124123
http://doi.org/10.1016/j.nanoen.2019.05.076
http://doi.org/10.1111/jace.16145
http://doi.org/10.1039/C8TC02270D
http://doi.org/10.1063/1.2772666
http://doi.org/10.1063/1.4750073
http://doi.org/10.1016/j.apsusc.2012.11.036
http://doi.org/10.1016/j.tsf.2011.04.007
http://doi.org/10.1016/j.apsusc.2008.03.178
http://doi.org/10.1016/j.jcrysgro.2006.02.056
http://doi.org/10.1155/2014/578168

	Introduction 
	Materials and methods 
	Materials and Fabrication 
	Material Characterization 
	Main Conduction Mechanisms 

	Results and Discussion 
	Leakage Current Density 
	Leakage Mechanism under 200 C 
	Leakage Mechanism under All Temperature 

	Conclusions 
	References

