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Effect of zinc and magnesium ion doping on
leakage current behavior of Bag ¢Srg 4TiO3 thin film

Hong-zhe Wang @ *2 and Bo Li®

We report an in-depth analysis of the carrier conduction mechanisms in multilayer doped Bag ¢Sro4TiO3
films, which offers a significant new message for reducing the leakage current. First, Bag gSrg 4TiO3 (BST)
sol, BapgSro.4Ti0.909ZN0.0103 (ZBST) sol, and Bag ¢Sro.4Tio.9o0Mdo.0103 (MBST) sol were prepared using the
sol-gel method. Then, BST, ZBST, MBST, and binary alternating-structure BaggSro.4Tio.909ZN0.0103/
Bap Sro.4Tio.00MJo 0103/Bag 6Sr0.4Tig 992N 0103 (ZMZ) thin films were designed and prepared. The effects
of single-component doping and binary alternating doping on the interface barrier height and trap
barrier height of the Bag gSro 4TiOz thin films were studied. The results showed that the interface barrier
height of ZMZ thin films is 0.55 eV, and the interface barrier height of BST thin films is 0.53 eV.
Compared with the ZBST and MBST thin films, the change in the interface barrier height of the ZMZ film
was not obvious. The trap barrier height of the ZMZ thin film is 0.17 eV, and the trap potential barrier
height of the BST thin film is 0.12 eV. The trap barrier heights of ZBST thin films and MBST thin films are
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0.15 eV and 0.16 eV, respectively. The enhancement of the trap barrier height may be related to the

weakening of the trap and donor effects caused by oxygen vacancy defects. The energy band diagram
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1. Introduction

Theoretically, perovskite titanate films are used as insulators. In
fact, there are some defects in the prepared films, and a leakage
current problem always exists." Understanding the leakage
current in perovskite titanate thin films is a fundamental
problem in the current scientific field. In view of the application
of titanate thin films in microwave/radiofrequency electronic
devices, the leakage current of Ba; ,Sr,TiO; (BST)-based mate-
rials has been widely studied.>® Previous research has shown
that the leakage current of BST-based films is mainly influenced
by the conductance between the film and electrode interface
(interfacial conductance) and the conductance of the films
themselves.*” The conductance between the film and electrode
interface is related to the transport of carriers at the interface,
which is mainly manifested as electron conductance. The
conductance of the film itself is related to the transport of
carriers in the film, which manifests mainly as ionic conduc-
tance. In this regard, researchers have studied the leakage
current characteristics of BST-based films and analyzed the
related leakage current mechanism. In most cases, tunneling
and Schottky-Simmons are the main forms of conductance at
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shows the relationship between the oxygen vacancy defects, interface barrier height, and trap barrier

the film-electrode interface. The Poole-Frenkel emission and
space charge limited current model (SCLC) are the main forms
of self-conductance.>® To make BST-based thin films better
suited to microwave/RF electronic devices, researchers have
done a lot of work, such as doping donor impurities and
acceptor impurities. The results show that the leakage current
of BST-based films doped with major impurities is significantly
improved.'* > Some researchers believe that when acceptor
impurities are introduced into BST-based films, charged defects
formed in the films to maintain electrical neutrality are the
main reason for the change in the leakage current.”* However,
some researchers have attributed the change in leakage current
to the change in the depletion layer width at the film inter-
face.*" In addition, it has been reported that the reason for the
decrease in leakage current density in BST-based films is related
to the change in the barrier height."*'*'” With the deepening of
our understanding of this phenomenon, we clearly realized that
acceptor impurities play an important role in reducing the
leakage current density of BST-based films. However, in the
existing literature, most research results on the leakage current
behavior of BST-based films are focused on single-component
doped BST-based films, and there are few reports on the
leakage current behavior of binary alternately doped BST films,
especially the change in barrier height in the films. Based on
this, we focused on the change in barrier height of binary
alternately doped BST films replaced by acceptor doping ions
(Mg>* and Zn®") and preliminarily analyzed the mechanism
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related to the change in barrier height. BST films alternately
doped with zinc and magnesium ions were prepared using the
sol-gel method. The interface barrier height and trap barrier
height of each film were obtained using the Richardson-
Schottky and Poole-Frenkel emission models, respectively.

2. Methods

All thin film samples were prepared on a Pt/Ti/SiO,/Si substrate
using the sol-gel method, and they were labeled as BST, MBST,
ZBST, and ZMZ, respectively. And the specific implementation
process is as follows:

(a) Barium acetate, strontium acetate and tetrabutyl titanate
were weighed in turn according to the molar ratio of 6:4:10.
Then, barium acetate and strontium acetate were dissolved in
hot glacial acetic acid and stirred at 70 °C for 15-20 minutes to
obtain barium-strontium precursor solution (A). Weighing
a certain amount of ethylene glycol methyl ether according to
the molar ratio of glacial acetic acid to ethylene glycol methyl
ether of 2 : 1, fully mixing it with tetrabutyl titanate, and stirring
at room temperature for 15-20 minutes to obtain titanium
source precursor solution (B). The precursor of barium-stron-
tium titanate sol (Bay ¢Sty 4TiO3) was obtained by fully mixing
barium-strontium precursor solution (A) and titanium source
precursor solution (B). Weigh a certain amount of poly-
vinylpyrrolidone (PVP) according to the molar ratio of 7 : 1000 to
tetrabutyl titanate, and add it into the precursor of barium-
strontium titanate sol, and fully stir until it is completely dis-
solved. Subsequently, a certain amount of acetylacetone was
weighed according to the molar ratio of glacial acetic acid to
acetylacetone of 10: 1, and added to the above mixed solution.
Finally, the mixed solution was stirred for 5-7 hours in
a constant temperature water bath at 65 °C, and cooled to room
temperature, and finally barium-strontium titanate sol (Bag ¢~
Sr,.4TiO3) was obtained.

Fig. 1 The structural design and test schematic diagram of all films.
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(b) Barium acetate, strontium acetate, tetrabutyl titanate and
zinc acetate (magnesium acetate) were weighed in turn
according to the molar ratio of 60:40:99:1. Then, barium
acetate, strontium acetate and zinc acetate (magnesium acetate)
were dissolved in hot glacial acetic acid and stirred at 70 °C for
15-20 minutes to obtain zinc (magnesium)-barium-strontium
precursor solution (C). The precursor solution (A) of titanium
source and the precursor solution (C) of zinc (magnesium),
barium-strontium titanate sol precursors (BagSro.4Tio.o0-
71,0103, Bag 65T 4Tig.00Mg0.0103) doped with zinc (magnesium)
ions are obtained. Subsequently, polyvinylpyrrolidone and
acetylacetone were added to the mixed solution in turn at
intervals of 15 minutes, and they were stirred for 5-7 hours
under the condition of constant temperature water bath at 65 °©
C, and cooled to room temperature to obtain zinc (magnesium)
ion-doped barium-strontium titanate sol Bag ¢Sro.4Ti0.99X0.0103
(X: Zn or Mg).

The structural design and testing principles of the thin films
are illustrated in Fig. 1. All thin-film samples were spin-coated
using spin-coating technology and a KW-4A desktop spin
coater. Among them BST, MBST, and ZBST films were spin-
coated for 12 s at a speed of 500 rpm and then spin-coated for
40 s at a speed of 4000 rpm (the same materials were deposited
15 times). However, for the ZBST/MBST/ZBST thin films, each
layer was spin-coated for 12 s at a speed of 300 rpm, and then
spin-coated for 40 s at a speed of 2000 rpm (the same material
was deposited five times). Finally, the average thickness of all
films was approximately 450 nm.

To better study the conduction mechanism related to the
leakage current of each film, the current-voltage (/-E) charac-
teristic curves of each film at different temperatures were
measured using a semiconductor parameter analyzer. Before the
test, a gold top electrode with a thickness of approximately
150 nm was deposited on all films using a small ion sputtering
instrument (the size of the mask was 0.3 mm and the deposition

)
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time was 15 min). Subsequently, to avoid unnecessary influence
on the leakage current test due to the deterioration of the film
surface, all the films sputtered from the top electrode were heat-
treated. Finally, the etching solution used to etch the edge of the
bottom thin film was prepared to expose the thin film from the
bottom electrode to form a gold top electrode-thin film-platinum
bottom electrode structure. The volume ratio of the components
of the etching solution was 1:3:10 (hydrofluoric acid, dilute
nitric acid with a volume fraction of 60%, and deionized water).

3. Results and discussion

The experimental results for the crystallinity and micromor-
phology of each film are consistent with the results of our
previous work.*® Therefore, the phase and micromorphology of
each film are not presented herein. However, to study the
change in barrier height in different doped films, we carried out
the following experiments. First, the current-voltage (I-V)
characteristic curves of the films at different temperatures were
obtained and the conduction mechanism of carriers in the films
was studied. Second, the barrier heights (interface barrier
height and trap barrier height) were calculated according to the
different conduction mechanisms. Finally, based on the
experimental data, an energy band structure diagram is
provided, which is convenient for analyzing the relationship
between oxygen vacancy defects and barrier height.

The J-E characteristic curves of the BST, MBST, ZBST, and
ZMZ films at different temperatures and electric fields are shown
in Fig. 2. In order to facilitate the observation and analysis of the
relative growth rate of data, logarithmic scale is selected for the Y
axis. It means for a given data point J, we can convert it into J' by
the formula: J/ = log;o(/). The figure shows that the leakage
current density of binary alternately doped thin films (ZMZ) is
three orders of magnitude lower than that of undoped thin films
(BST) and one order of magnitude lower than that of single ion-
doped thin films (ZBST, MBST) under the condition of higher
electric field; in other words, the leakage current of ZMZ thin
films is the smallest, which is consistent with the results of XRD
and SEM in previous work. The smaller the grain size, the more
grain boundaries there are in the film. Therefore, whether the
grain boundaries are regarded as series or parallel connection,
ZMZ films have the largest resistance value, and the larger
resistance value may be the reason why ZMZ films have the
smallest leakage current density. Under a small electric field,
there was no obvious difference in the leakage current density of
all films in order of magnitude. In addition, the leakage current
density of each film strongly depended on the temperature. That
is, with an increase in temperature, the leakage current density of
each film increases to different degrees, which may be related to
the thermionic emission formed under thermal motion.*

When the metal electrode is in contact with the ferroelectric
thin film, a Schottky barrier is formed between the metal elec-
trode and ferroelectric thin film because of their different work
functions (work functions). When the work function of a metal
is less than that of a semiconductor, free electrons in the metal
are injected into ferroelectric thin films under the action of high
temperature and strong electric field. The transport properties
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of these electrons are influenced by barrier height, temperature
field, and electric field. Usually, the Schottky emission model is
used to explain the conduction mechanism of carriers at the
interface between a metal and ferroelectric thin films. The

corresponding expression is***'
q VE
47'58()6](1 )
—7 | T (1)

0]

where E is the external electric field, T is the thermodynamic
temperature, A* is the Richardson constant related to materials
and electrodes, @ is the height of the interface barrier, K is the
Boltzmann constant, Q is the amount of charge, d is the film
thickness, ¢, is the vacuum dielectric constant, and ¢; is the
relative dielectric constant of the optical frequency band. Many
studies have shown that the conduction mechanism of carriers
in ferroelectric thin films is Richardson-Schottky emission at
high temperatures and low electric fields. In this regard, we give
the J/T*>-E** and In(J/T*)-1000/T characteristic curves of the
BST, MBST, ZBST, and ZMZ films, and the fitting equations
calculated by the Richardson-Schottky emission model, as
shown in Fig. 3 and 4 respectively. First, the physical parameters
were obtained by the exponential fitting method, and then the
interfacial barrier height of each film was calculated using the
Arrhenius law. The specific calculation is as follows.

E £
J = Ta exp {—6\/_} = o eXpkT VE

KT
Dy
= A* exp|——L
o] 2]
_ q
b= Arteyeid

Take +E and J/T® as horizontal and vertical coordinates
respectively, and then use Origin software to fit the curve
exponentially. The fitting equation is y = ae’™, and a = q,

B8

b= T At this time, the parameters «, 8 and ¢ can be ob-

tained. Then the refractive index of each film is obtained from
formula & = n,> (n, is the refractive index parameter extracted
under Schottky emission model).” ¢; and n, are listed in Table 1.
Because Richardson constant is influenced by thin film mate-
rials and electrode materials, the height of interface barrier can
be calculated by Arrhenius formula.

J E,
=€ eXP(*ﬁ)

J Ey Ey E,
In ﬁzlane"KTzlnC+lne"KT=1n C+(f >

KT
E
lne=InC—- =2
ne=In XT
1000 . .
We used T and In(J/T%) as horizontal and vertical coor-

dinates, respectively, and then used Origin software to fit the
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Fig.2 J—E curve of all films at different temperatures ((a) 30 °C, 0-50 kV cm™; (
200-400 kV cm™: (e) 100 °C, 0-50 kV cm™; (f) 100 °C, 200-400 kV cm™*; (g

Electric Field(kV/cm)
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Electric Field(kV/cm)

30 °C, 200-400 kV cm™%; (c) 65 °C, 0-50 kV cm™%; (d) 65 °C,

b)
) 135 °C, 0-50 kV cm™; (h) 135 °C, 200-400 kV cm™).
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curve exponentially. The fitting equations are y = kx + band b =

InC. E,=@ 9E
Cora T ATtegeid

% = a exp [—%\/E] The interface barrier height @; of each
film was obtained by substituting the parameters obtained from
the above fitting, and the results are shown in Fig. 3. The data in
the figure show that the interface barrier heights of single-
component acceptor-doped films (MBST, ZBST) and binary
alternately doped films (ZMZ) are slightly higher than those of
the undoped BST films. Compared with the MBST, ZBST, and
ZMZ films, the interfacial barrier height of the binary alternately
doped films (0.55 eV) is not much different from that of the
single-component acceptor-doped films. This result shows that
binary alternately doped films have little influence on the
interfacial barrier height, which may be caused by the differ-
ence in surface state density at the surface of binary alternately
doped films and that at the surface of single-component
acceptor-doped films.** In addition, compared with the results
reported by Zafar et al., our results are small, which may be

was obtained using the formula
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J/T?~EY2 characteristic curves and corresponding fitting equations of all films ((a) BST; (b) ZBST; (c) MBST; (d) ZMZ).

caused by factors such as film composition, calculation
method, or fitting error.*

Because of thermodynamic fluctuations, some valence elec-
trons bound by covalent bonds in an insulator or semi-
conductor atom may be excited to the conduction band, thus
leaving the atom bound by another adjacent atom, which will
form a weak conductance in the process. However, when the
insulator or semiconductor is in a strong electric field, the
number of electrons located on the impurity level (trap) will
change (trap effect). For example, the energy required for elec-
tron excitation on the impurity (trap center)-Fe** existing in
BaTiO; will be greatly reduced. Therefore, a large number of
electrons located in the center of the trap are excited to the
conduction band, which eventually leads to a significant
increase in its conductivity.>*** This is a typical Poole-Frenkel
conduction mechanism dominated by valence electrons in the
thermal excitation binding center under a strong electric field.
The change in the current density with temperature and electric
field obeys the following expression:***’

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ln(J/T%-1000/T characteristic curves and corresponding fitting equations of BST, MBST, ZBST and ZMZ thin film ((a) BST: (b) ZBST; (c)

MBST; (d) ZMZ).

Table1 Physical parameters extracted from Schottky emission model

BST ZBST MBST ZMZ
& 4.123 1.145 1.210 1.613
ng 2.03 1.07 1.10 1.27
q \/—
E
Jop = EINe opl _ Pl o oeid (2)
(ET) da PITRT|®P|T kT

where E is the external electric field, T is the thermodynamic
temperature, q is the charge, u is the carrier mobility, N, is the
carrier density, @, is the trap barrier height, K is the Boltzmann
constant, ¢, is the vacuum dielectric constant, ¢; is the relative
dielectric constant of the optical frequency band and d is the
film thickness. Therefore, we have provided the characteristic

© 2024 The Author(s). Published by the Royal Society of Chemistry

curves of J/V-V*'* and In(J/V)-1000/T of BST, MBST, ZBST, and
ZMZ, and the fitting equations calculated by the Poole-Frenkel
emission model, as shown in Fig. 5 and 6 respectively. First, the
physical parameters were obtained by the exponential fitting
method, and then the trap barrier height of each film was
calculated using the Arrhenius law. The specific calculation
concepts are as follows:

E
b, — wq
E0 &
J = quEN, -
quEN, exp X7
E:aexp{ﬂ—T} 70(6Xp|:%\/§:|
quiNe t
T p{ KT]
_ q
6 B ’Tté‘()é‘id
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Fig. 5 J/V-V~2 and In(J/V)-1000/T characteristic curves and corre-
sponding fitting equations of BST, MBST, ZBST and ZMZ thin film ((a)
65 °C; (b) 100 °C; (c) 135 °C).

Take +E and U as horizontal and vertical coordinates
respectively, and then use Origin software to fit the curve
exponentially. The fitting equation is y = ae®™

g

b= X At this point, parameters «, § and ¢; can be obtained.

,and a = q,

Then the refractive index of each film is obtained from formula
& = ny° (np is the refractive index parameter extracted under
Poole-Frenkel model),”* and ¢ and n, are listed in Table 2.
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Because the carrier mobility and carrier concentration in the
thin film are unknown, the height of trap barrier in the thin film
is also calculated by Arrhenius formula.

J E,
E =C eXp (—KT)

IJIC’AICI’QIC Ea
nE—n Xe KT =InC+1Ine KT =1n +(_KT)
E,
Ine=1InC-— XT
1000 , , .
We used and In(J/E) as horizontal and vertical coordi-

T
nates, respectively, and then used Origin software to fit the

curve exponentially. The fitting equations are y = kx + band b =

E
In C. In this case, E, = &; — q was obtained using the
Tegeid
formula% = o exp [% VE } . The trap barrier height of each film

was obtained by substituting the above fitted parameters, and
the results are shown in Fig. 6. The figure shows that the trap
barrier heights of single-component acceptor-doped films
(MBST, ZBST) and binary alternating-doped films (ZMZ) are
higher than those of undoped BST films, and binary alternating-
doped films have the largest trap barrier height (0.17 eV).
Compared with MBST, ZBST and ZMZ films, it is found that the
trap barrier height of each film is between 0.15 eV and 0.17 eV,
which is close to the energy level of oxygen vacancy (0.15 eV),
which indicates that the trap barrier height in the film may be
related to the state of oxygen vacancy defects.'®*® By comparing
the data in Tables 1 and 2, it can be seen that the refractive
index ng of the BST films extracted by the Schottky emission
model is closer to the experimental value of 2.2, while the
refractive index 7, of the ZBST, MBST, and ZMZ films extracted
by the Poole-Frenkel model are closer to the experimental value
of 2.2. Therefore, Schottky-Simmons should be the main form
of leakage conductance in BST films. The Poole-Frenkel
conduction mechanism should be the main form of leakage
conductance in the ZBST, MBST, and ZMZ films.

In order to explore the mechanism by which oxygen vacancy
defects affect barrier height, we discuss the related mechanism
from the following aspects. When doping ions (Zn**, Mg>")
replace Ti*" at site B, extrinsic oxygen vacancies and doping ions
are simultaneously introduced into the lattice at the same time.
The corresponding defect equation is as follows:

2MgO + BaO/SrO— Bag, /Srs; + 300 + 2Mgr; + Vi, /Vy,

+3V6(non) (3)

2ZnO + BaO/SrO— Bag, /Srs; + 300 + 2Zny; + Vg, / Vs,
+3V6(non) (4)

where Vy,/Vg, is a cation vacancy with two negative charges,
Mgy; and Zny; are acceptor-doped ions with two negative
charges, and Vg5 ..
positive charges.

is an extrinsic oxygen vacancy with two unit

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Ln(J/V)-1000/T characteristic curves and corresponding fitting equations of BST, MBST, ZBST and ZMZ thin film ((a) BST; (b) MBST; (c)

ZBST; (d) ZMZ).

Table 2 Physical parameters extracted from Poole—Frenkel model

BST ZBST MBST ZMZ
& 45.3 4.93 7.13 7.45
n, 6.73 2.22 2.67 2.73

According to the above defect equation, zinc and magnesium
ions are the acceptor ions. However, when acceptor impurity
ions are introduced into pure BST thin films, not only does the
number of electrons ionized by donor oxygen vacancies and
enter the conduction band decrease, but also the number of
electrons located in the trap center decreases because of the
compensation effect of acceptor impurities. Therefore, the trap
effect in the thin film and the donor effect caused by the oxygen
vacancy defects are weakened. Finally, the interface barrier
heights of single-component acceptor-doped BST films and
binary alternately doped films were higher than those of
undoped BST films. The interface barrier height of the single-
component acceptor-doped BST films is slightly higher than

© 2024 The Author(s). Published by the Royal Society of Chemistry

that of the binary alternating-doped films, which may be related
to the different surface state densities at the film surface.”®
Compared with single-component acceptor doped films, binary
alternating doped films not only introduce acceptor zinc ions,
but also acceptor magnesium ions, which is equivalent to
introducing more types of acceptor impurity ions. Therefore,
the compensation effect of acceptor impurities in the films is
stronger, and the trap effect in the films is weakened, which
increases the trap barrier height of the films.

Finally, to relate the oxygen vacancy defect with the change
in interface barrier height and trap barrier height, we draw
a simplified energy band diagram based on the previous liter-
ature data and the data in this study, as shown in Fig. 7. The
physical meanings represented by each physical quantity in the
figure are as follows: E, is the vacuum energy level, Ec(s) is the
conduction band of the semiconductor thin film, E(s) is the
valence band of the semiconductor thin film, Ex(m) is the Fermi
level of gold, Eg(s) is the Fermi level of the semiconductor thin
film, and @ is the height of the interfacial barrier of the thin
film. Ep is the donor energy level, which refers to the energy

RSC Adv, 2024, 14, 31746-31755 | 31753
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Fig. 7 Energy band structure diagram of BST, MBST, ZBST and ZMZ thin film.

level (V) corresponding to the oxygen vacancy defect; each
short segment corresponds to a donor impurity atom. E, is the
acceptor energy level and each short segment corresponds to an
acceptor impurity atom. Where E,,;, is the bandgap width of the
film.

Among them, for un-doped BST films, the band gap is about
3.3 eV (Egap = Ec(s) — Ey(s)), and the Fermi level (Er)) is not far
from the bottom of the conduction band.”*** The energy level
of the oxygen vacancy defect is 0.15 eV below the conduction
band bottom, which is close to the conduction band bottom.*®?*

4. Conclusions

Experimental and calculation studies of single-composition
acceptor-doped and multilayer acceptor-doped BST films were
conducted. The results showed that the interface barrier height
in the ZMZ film is 0.55 eV, which is higher than that of the un-
doped BST film (0.53 eV), but the increase of the interface
barrier height is not obvious compared with the single-
component acceptor doped BST film. The trap barrier height
in ZMZ thin film is 0.17 eV, which is higher than that of un-
doped BST film (0.12 eV), and also higher than that of single-
component acceptor doped BST film (0.15 eV). The increase in
the trap height in the ZMZ films is related to the variation in the
oxygen vacancy defect concentration. These results are of great
interest for tunable microwave/radio frequency devices, where
a very high level of understanding is needed regarding leakage
current behavior, in order to comply with the specifications of
such components.
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