s .
Yesl materials MBPI|
e w p

Article
Improved Leakage Behavior at High Temperature via
Engineering of Ferroelectric Sandwich Structures

Guangliang Hu !, Yinchang Shen !, Qiaolan Fan !, Wanli Zhao 2, Tongyu Liu 2, Chunrui Ma 3, Chun-Lin Jia !
and Ming Liu 1*

School of Microelectronics, Xi’an Jiaotong University, Xi’an 710049, China

Science and Technology on Electro-Optical Information Security Control Laboratory, Tianjin 300308, China
State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China
Correspondence: m.liu@xjtu.edu.cn

¥ W N =

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% SiO,-doped BaZr( 35Tip 503 (BZTS) layer sandwiched between two undoped
BaZr( 35Tip 6503 (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

check for
updates

Citation: Hu, G.; Shen, Y.; Fan, Q.;
Zhao, W.; Liu, T.; Ma, C.; Jia, C.-L.; 1. Introduction

Liu, M. Improved Leakage Behavior The lead-free dielectric material for energy storage application has progress greatly

in recent years, especially for the Ba(ZrxTi;_4)Os (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
Academic Editor: Georgios C. the one hand, with its application in new energy vehicles, the requirement for high tem-
Psarras 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-
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Published: 11 January 2023 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
Copyright: © 2023 by the authors.  be effectively improved, and the wide-temperature storage characteristics can be improved
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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/O; (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/O; (1:1) mixture for 15 min, and then cooled down to room temperature at
a rate of 10 °C min~!. 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 tgz135:tpzTS: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 um x 200 um were deposited using the RE-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]:

] = enpE (1)

where J, ¢, n, y, 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]:

9 E2
J= gErSOV 7 (2)

where ¢, €, 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]:
| = AEexp —(dpa —ey/eE/ meopteo)

kT

®)

where A, b4, Eopt, 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]:

| = BT?exp| (bp — e\/eE/4meopteo) @

kT
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where B and ¢p 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]:

N3/2
] = DE?exp <%> (5)

where D and N are constants, and ¢p 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 (Ep,) 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 ] 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 | 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 Jpzr35/215/B2T35(1:1:1) < JBZTS < JBZT35. When the temperature above
160 °C, the ] of BZT35 film increased by 11.5 times from 1.3 x 107> A/cm? at 160 °C to
1.5 x 107* A/cm? at 200 °C, and the ] of BZTS increases 2.8 times. This is because the
5i0; has a large band gap and good insulation, and a small amount of SiO, doping can
improve the insulation of the BZT film and reduce the leakage current. In contrast, the | of
BZT35/BZTS/BZT35(1:1:1) increases only 1.5 times from 1.4 x 107% A/cm? at 160 °C to
2.1 x 107% A/cm? 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 Wpe at 200 °C in our previous report [17].

I I I i 3

structure of thin films capacitors intergated on Nb:STO

Figure 1. (a) Structure of BZT35 and BZTS single-layer and BZT35/BZTS/BZT35(1:1:1) sandwich
structure multilayer films. (b) Diagram of capacitors integrated on Nb:STO.
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Figure 2. Current density (J) vs. electric field (E) curves for BZT35 (a), BZTS (b) and
BZT35/BZTS/BZT35(1:1:1) (c) films. (d) Current density (J) at 3.0 MV/cm under different tem-
perature for these three films.

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 In] vs. InE 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 InJ vs InE 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 (E; < E < Ey) 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 > E,), 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 In(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 In(J/E) and E!/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 In(J) vs. In(E) (a), In(J/E) vs E1/2 (b), In(J) vs E'/2 (c) and In(J/E?) 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 > E,, in Figure 3a), the interface-limited conduction mechanism
of S emission and F-N tunneling are explored [18-21,26]. The linear fitting of In(J) and
E'/2 was investigated first, as shown in Figure 3c. The value of , 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 In(J/E?) 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 SiO; 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 ®, 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 # under the different temperature of these three samples at 3 MV /cm
showed in Figure 4d, it can be seen that the  decreases with increasing the temperature
for all of them, and the 1 of BZT35 decreases more quickly than BZTS, especially at high
temperature. The trend of #pz135,82T5/BzT35(1:1:1) > //BZTs > 1BZT35 (in Figure 4d) and
J8Z135/B7T5/BZT35(1:1:1) < JBZTS < JBZT35 (in Figure 2d) shows that the 7 is closely related to
the leakage current of the film, the higher leakage current, the lower 7. 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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Figure 4. An overview of the leakage mechanisms for BZT35 (a), BZTS (b) and BZT35/BZTS/
BZT35(1:1:1) (c) films at positive and negative bias under the temperature from —120 °C to 200 °C,
insert is the energy band diagram of ohmic conduction. (d) The energy storage efficiency of them
under the temperature from —120 °C to 200 °C.
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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.
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