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Abstract
BaxSr(1−x)TiO3(BST) films are deposited on titanium substrate by micro-arc oxidation (MAO) technique under three electro-
lytes. The micro-structure and electrical properties of the BST thin films are analyzed and compared. The results show that 
the BST films obtained with these three electrolytes are all mainly composed of tetragonal  BaxSr(1−x)TiO3. Compared with 
electrolyte without additive, both PVP30 and EDTA, as additive, significantly inhibit the growth of BST films, and the BST 
films become flat and dense. Moreover, the dielectric and ferroelectric properties of BST thin films are positively correlated 
with their micro-structure, and flat and dense BST film possesses good dielectric and ferroelectric properties. The residual 
polarization intensity of BST film prepared with the electrolyte involving PVP30 or EDTA is about 18 and 13 times of that 
of BST film prepared without additive, respectively.

1 Introduction

BaxSr(1−x)TiO3 (BST) is one of the new functional materi-
als intensively attended due to its high dielectric constant, 
low dielectric loss, adjustable Curie temperature, and stable 
structure [1, 2]. Up to now, four common pathways, includ-
ing magnetron sputtering [3, 4], sol–gel [5, 6], pulse laser 
deposition [7, 8], and metal organic chemical vapor deposi-
tion [9, 10], are disclosed to prepare BST films. Although 
these methods have their own advantages and characteris-
tics, they suffer from different drawbacks that hamper the 
large-scale commercial applications of BST films [11–13]. 
Therefore, development of new approaches to fabricate BST 
films with controllable chemical composition and good uni-
formity is a huge challenge. Moreover, preparation of BST 
films under post-heat treatment-free conditions with fast 
deposition at a low processing temperature over large areas 
is demanded.

Micro-arc oxidation (MAO) is a kind of surface modi-
fication technique, which can in situ form ceramic coat-
ings on the surface of some nonferrous metals. With the 
advantages of fast film deposition, simple operation, adjust-
able film composition, metallurgical bonding between the 
thin film and substrate, no pollution, and no need to post-
heat treatment, MAO is expected as a new low-cost tech-
nology to prepare BST ferroelectric thin films over a large 
scale [14–16]. The previous research revealed that BST films 
deposited in situ on a Ti substrate by MAO in a solution of 
Ba(OH)2 and Sr(OH)2 bring about a big surface roughness 
due to the existence of defects, such as particles and cracks, 
which seriously affect the smoothness and compactness of 
films. As a result, a small dielectric constant and a large 
dielectric loss value would be achieved for the obtained BST 
film. It is generally believed that the dielectric properties of 
the film depend on the micro-structure and interface between 
thin film and electrode. A dense and crack-free film bears a 
uniform grain size with a small film roughness and is prone 
to gain improved dielectric properties [7, 17–19]. However, 
up to now, most of the researches on the MAO preparation 
of BST thin films are focused on the influence of micro-arc 
oxidation process parameters on the micro-structure, surface 
morphology, and dielectric properties of films. Optimization 
of the preparation process of BST thin films by MAO, espe-
cially optimization of the micro-arc oxidation electrolyte, 
needs further investigation in depth. In this paper, the MAO 
electrolyte is optimized by adding some additives and the 
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effects of PVP30 and EDTA, as additives, are detected on 
the micro-structure, morphology, and dielectric properties 
of the BST films. It is hoped to achieve high performance by 
optimizing the micro-structure at special electrolyte. More 
importantly, the authors demonstrated an efficient and low-
cost MAO deposition method for obtaining the BST thin 
films with excellent ferroelectric property.

2  Experimental

2.1  BST samples preparation

The Ti plate (99.6%) was cut into small pieces with a dimen-
sion of 40 mm × 20 mm × 2 mm and, then, mechanically 
abraded using emery paper up to 1000 grits. Subsequently, 
the samples were degreased with an acidic mixture of HF-
HNO3 (1:3 vol.%). The degreased substrates were sequen-
tially washed with acetone and distilled water and, then, 
dried in an oven. The JYW-50 micro-arc oxidation power 
was used in these experiments. The Ti substrate was served 
as the anode and a stainless steel plate selected as cathode. 
The electrolytic solutions were prepared as Ba(OH)2‧8H2O 
(0.6  M) + Sr(OH)2‧8H2O (0.4  M), Ba(OH)2‧8H2O 
(0.6 M) + Sr(OH)2‧8H2O (0.4 M) + PVP30 (0.02 M), and 
Ba(OH)2‧8H2O (0.6 M) + Sr(OH)2‧8H2O (0.4 M) + EDTA 
(0.06 M). BST thin films constructed under these three elec-
trolyte solutions were defined as BST-NO, BST-PVP30, and 
BST-EDTA, respectively. The current density of micro-arc 
oxidation was set as 0.5 A/cm2, current frequency of 150 Hz, 
the reaction time of 15 min, and the duty ratio of 85%. The 
electrolyte temperature was controlled by a circulating water 
at 50 − 60 °C during the process.

2.2  Micro‑structure and performance 
characterization

The micro-structure of BST films was examined using a 
high-resolution field emission scanning electron microscope 
(SEM, Nova Nano430).The surface roughness of thin films 
was measured by a German BMT Exert 3D tomography. 
Each sample was measured horizontally and vertically at 
three different positions with a scan length of 10 mm, respec-
tively, and the surface roughness value was attained as the 
average value of six tests. The thickness of the membrane was 
determined by the vortex thickness measuring instrument 
(SurfixF, PHYNIX). The crystal structure and phase compo-
sition of BST films were analyzed by an X-ray diffractometer 
(philips X’pert MPD Pro) with a Cu-Kα target material. The 
wavelength (λ) was set as 1.54056 Å and scanning angle was 
arranged at 20 − 90° with a step speed of 0.0214°/ms. X-Ray 
photoelectrons spectroscopy (XPS) incorporating a Kratos 
Ultra Axis spectrometer equipped with a mono-chromatized 

Al-Kα X-ray source (1486.6 eV) was used to analyze the 
chemical composition of the BST membrane and the bind-
ing states. The electron analyzer was utilized in a constant 
analyzer energy mode using a full and a narrow spectral pass 
energy of 160 and 40 eV, respectively. Peak analyses were 
performed using the XPS Peak 41 Software. The energy scale 
was calibrated by assigning the energy of 284.6 eV to the C 
1s peak, corresponding to the adventitious carbon. Agilent 
HP4284 high-precision impedance analyzer equipped with a 
fast 16334A test fixture was used to measure the capacitance 
and dielectric loss of the films at the test voltage of 1.0 V 
and test frequency of 20 to 1 × 106 Hz. The polarization vs. 
electric field (P–E) hysteresis characteristics were obtained 
using a Radiant Precision LC material analyzer. Before meas-
urement, a Pt electrode with a diameter of 10 mm was sput-
tered on the surface of BST film by a high-vacuum plating 
apparatus (Leica EM SCD500).

3  Results and discussion

3.1  Structural analysis

The SEM results of BST films derived from different elec-
trolytic liquid systems are presented in Fig. 1. As can be 
seen, the smoothness and compactness of the films are 
effectively improved by the electrolyte involving PVP30 or 
EDTA. The BST-NO film shows a large number of volcanic 
pores and particles on the surface. The diameter of micro-
arc oxidation hole is large, about 4–10 μm. There are also 
cracks on the surface of film, which leads to a poor smooth-
ness and compactness of the film. The surface roughness 
is large, about 4.00 μm, as displayed in Fig. 1a. The SEM 
surface morphology of the BST-PVP30 film is depicted in 
Fig. 1b. The micro-arc oxidation hole with a diameter of 
about 200–700 nm is distributed on the film surface, and 
the surface roughness value is reduced to about 0.43 μm. 
Cracks and coagulated mass are still widely distributed on 
the surface. The surface appearance of BST-EDTA thin film 
is shown in Fig. 1c. Micro-arc oxidation pores with the size 
of about 500–1500 nm are evenly distributed on the sur-
face of film, and many pod-like particles can be observed. 
The surface roughness is further reduced to about 0.38 μm. 
Therefore, it can be envisaged that both PVP30 and EDTA 
can improve the quality of the films.

According to the literatures [20–23], the reasons why the 
addition of PVP30 can make the film smooth and dense is 
as follows: on the one hand, lactam in PVP molecules is a 
strong polar group, with hydrophilic ability, can absorb a 
large number of water molecules, and has a good water reten-
tion ability, thus increasing the elasticity of the film; on the 
other hand, nitrogen-containing heterocyclic rings in PVP 
molecules can form complexes with  Ba2+ and  Sr2+ ions in 
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Fig. 1  SEM figures of the BST-NO (a), BST-PVP30 (b) and BST-EDTA (c) thin films
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the electrolyte and adsorb on the surface of Ti matrix, thus 
slowing down the micro-arc oxidation reaction, reducing the 
stress in the film and inhibiting the generation of cracks. In 
strong alkaline solutions, EDTA mainly exists in the form of 
 Y4− [24], which can react with  Ba2+ and  Sr2+ to form the cor-
responding complexes of EDTA [25, 26]. This chelate ligand 
has a large steric hindrance, which retards the oxidation of Ti 
substrate and slows down the MAO reactions [27–29], thus 
inhibiting the growth of the film, resulting in obtaining the 
flat and dense films. The thicknesses of the BST-NO, BST-
PVP30, and BST-EDTA thin films are shown in Fig. 2. It can 
be seen that the thickness of BST-PVP30 or BST-EDTA thin 
film is about one-fifth of that of the BST-NO.

3.2  XRD analysis

The XRD patterns of BST thin films are shown in Fig. 3. 
Findings reveal that the obtained BST films are mainly com-
posed of perovskite  BaxSr(1−x)TiO3, minimal (Ba, Sr)CO3, 
and  TiO2 phases. This observation indicates that addition of 
PVP30 or EDTA in the electrolyte solution does not affect 
the phase composition of BST films. The (Ba, Sr)CO3 phase 
is thought to be produced by the reaction of Ba(OH)2 and 
Sr(OH)2 with  CO2 in the air during micro-arc oxidation and 
enters into the membrane layer through the discharge chan-
nel [30].  TiO2 is indicated as an intermediate phase in the 
micro-arc oxidation reaction. At the beginning of micro-
arc oxidation reaction, titanium was dissolved and oxygen 
evolved at the anode. Some of the produced oxygen was 
released as  O2 gas, while the remaining dissolved in the elec-
trolyte and produced  O2− [27–29]. Then, the generated oxide 
ion reacted with  Ti4+ to form titanium dioxide. When PVP30 
or EDTA is added into the electrolyte, diffraction peaks due 

to the metallic Ti substrate are appeared in the XRD pattern 
of film. Therefore, it can be declared that both PVP30 and 
EDTA have an inhibitory effect on the growth of film such 
that thickness of the film is significantly reduced and the 
X-ray is penetrated into the film layer [15, 20–23], which is 
consist with that shown in Fig. 2.

As shown in Figs. 4 and 5, variations in element infor-
mation on the BST-PVP30 and BST-EDTA thin films are 
analyzed by XPS. XPS spectra of the BST films record 
C to be present in the films, as well as Ba, Sr, Ti, and O 
(Figs. 4a and 5a). The high-resolution XPS spectra of C 
1s, Ba 3d, Sr 3d, Ti 2p, and O 1s peaks in BST-PVP30 
thin film are shown in Fig. 4b–f, respectively. The spectra 
of C 1s (Fig. 4b) reveals two peaks with binding energies 
of 284.6 and 288.3 eV, respectively. The peak at 284.6 eV 
is assigned to the adsorbed C from the atmosphere. The 
peak at 288.3 eV is attributed to the C–O bonds of  SrCO3 
and  BaCO3 [31, 32]. Figure 4c shows the spectrum of Ba 
3d. Each of the Ba  3d3/2 and Ba  3d5/2 peaks can be fit-
ted by two peaks separated by around 1.5 ± 0.1 eV. The 
lower binding energy peaks, i.e., 794.6 and 779.4 eV, are 
assigned to Ba atoms in the BST perovskite phase. The 
peaks at 796.0 and 780.8 eV are thought to be caused by 
Ba atoms in a decomposed carbonate. The spectrum of 
Sr 3d (Fig. 4d) also can be fitted into four peaks with the 
binding energies of 133.1, 134.0, 134.9, and 135.8 eV, 
respectively. The lower binding energy pair (133.1 and 
134.9 eV) is assigned to Sr atoms in the perovskite phase. 
The higher binding energy pair (134.0 and 135.8 eV) is 
attributed to Sr atoms of carbonate. Figure 4e depicts the 
XPS spectrum of Ti 2p, which can be deconvoluted into 
two peaks at a combined energy of 463.5 and 458.2 eV, 
respectively, which are corresponded to Ti  2p1/2 and 
Ti  2p3/2 peaks. The binding energy of O 1s (Fig. 4f) is 
532.0 eV which is consistent with the O 1s in  SrCO3 
(532.2 eV) and  BaCO3 (532.2 eV). The 531.4 eV peak 
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thin films

Fig. 3  XRD patterns of the BST films
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is consistent with the binding energy of O atoms in the 
perovskite phase. The high-resolution XPS spectra of C 
1s, Ba 3d, Sr 3d, Ti 2p, and O 1s peaks in BST-EDTA 

thin film are shown in Fig. 5b–f respectively, which are 
similar to the spectra in BST-PVP30 thin film. In sum-
mary, the valence states of Ba, Sr, Ti, and O elements 
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Fig. 4  XPS spectrum of the BST-PVP30 film (a), the XPS chemical states of C 1s (b), Ba 3d (c), Sr 3d (d), Ti 2p (e), and O 1s (f)
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in BST-PVP30 and BST-EDTA films are  Ba2+,  Sr2+, 
 Ti4+ , and  O2−, respectively. Both BST-PVP30 and BST-
EDTA membranes are mainly composed of the tetragonal 

 BaxSr(1−x)TiO3 and carbonate, which is consistent with 
the results of XRD. 
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3.3  Dielectric properties analysis

The dielectric constants of BST films are shown in Fig. 6a. 
The results reveal that dielectric constant is drastically 
changed with frequency in the case of BST-NO film, while 
the mentioned changes are smooth for the BST films pre-
pared in the presence of PVP30 and EDTA. According to 
the literatures [33, 34], the sharp decrease in the dielectric 
constant at low frequencies could be attributed to the DC 
conductivity and space charge polarization, which have sig-
nificant contributions at low-frequency dielectric response 
in the films. As the frequency increases, these dipoles due 
to space charges do not respond, resulting in decrease in 
the dielectric constant. Moreover, the space charge polariza-
tion is inherently related to nonuniform charge accumula-
tion at the grain boundaries and the film/electrode interface. 

Figure 1 shows that the BST-NO film has the most defects 
and the largest surface roughness among three kinds of BST 
films. Therefore, at low frequencies, the frequency depend-
ence of its dielectric constant is stronger than the other two 
films. The high dielectric loss at low frequency in this film 
confirms the presence of space charges at the film/electrode 
interface. The dielectric loss analysis of the three BST films 
is shown in Fig. 6b. The results confirm that the dielectric 
loss of all films are decreased with enhancing frequency 
within the range of 50 – 1 × 106 Hz, and the dielectric losses 
of BST-PVP30 and BST-EDTA films are significantly lower 
than that of BST-NO film. Moreover, the dielectric loss of 
BST-EDTA film is lower than that of BST-PVP30 film 
when a higher frequency greater than 500 Hz was used. For 
example, under the condition of 1 kHz, the dielectric losses 
of BST-PVP30 and BST-EDTA films are 0.237 and 0.165, 
respectively, confirming about 30% decrease after addition 
of EDTA. According to Eq. (1), the dielectric constant of a 
film is directly proportional to the measured capacitance and 
film thickness under the same electrode area. The thickness 
of BST-NO film is about five times greater than those of 
BST-PVP30 and BST-EDTA films, while the differences in 
dielectric constants are less than three times for these films, 
even at the maximum value. This finding proves that capaci-
tance of the thin films prepared in the presence of PVP30 
and EDTA is significantly increased. In addition, as shown 
in Fig. 1, the sample derived from an electrolyte involving 
EDTA or PVP30 exhibits the low roughness and improved 
compactness, in agreement with the large dielectric constant 
and small dielectric loss value. This observation demon-
strates that the dielectric properties of BST thin films are 
positively correlated with their micro-structure.

 
where C is the electrical capacity (F) of sample, S is the 

electrode area (7.854 × 10−5  m2), d is the thickness of (m), 
and �0 is the vacuum dielectric constant (8.85 × 10−12 F/m).

3.4  Ferroelectric performance analysis

The hysteresis loops of BST thin films are measured under 
the voltage of 700 V and frequency of 20 Hz, as shown 
in Fig. 7. The hysteresis loops of all three BST films pre-
sent ferroelectric features, but none is closed, which may 
be caused by the residual stress and depolarization field in 
the film [35]. In addition, it can be seen that the residual 
polarization intensity decreases significantly as the voltage 
increases as shown in Fig. 7a, which is mainly related to the 
oxygen vacancy in the membrane [36–38]. According to the 
literatures [39, 40], in the  ABO3-type oxides, oxygen atoms 

(1)�
�
=

C × d

�0 × S
,

Fig. 6  Dielectric properties of the BST films: dielectric constants (a) 
and dielectric loss (b)
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escaped from the lattice structure to form oxygen vacancies, 
which pinned the inversion of the ferroelectric domains. 
With the increase of voltage, oxygen vacancies increased and 
the pinning effect on ferroelectric domains was strengthened, 
so the ferroelectric domains could not be reversed in time, 
and the residual polarization strength of films decreased. The 
ferroelectric properties of these three BST films are shown 
in Table 1. Obviously, the residual polarization intensities 
of BST-EDTA film and BST-PVP30 film is about 18 and 13 
times of that of BST-NO film, respectively. Combined with 
Fig. 1, it can be concluded that the ferroelectric property of 

the film is also closely related to the micro-structure, such 
that a flat and compact film can provide an improved fer-
roelectric property. This is in agreement with the results 
reported in the literatures [7, 19].

4  Conclusions

This study shows that the micro-structure and dielectric 
properties of a BST film prepared by micro-arc oxidation 
can be improved by adding additives into the electrolyte. 
Both PVP30 and EDTA have inhibitory effect on the growth 
of the BST film, so that the thickness of the BST thin film is 
significantly reduced. Compared with the BST-NO thin film, 
the micro-arc oxidation pores of the BST-PVP30 and BST-
EDTA films are evenly distributed, the surface roughness 
is reduced to about 0.4 μm, and the film becomes more flat 
and dense. The addition of EDTA or PVP30 improves the 
micro-structure of BST film and increases the capacitance 
value of BST film, thus offsetting the negative influence of 
the film thickness reduction on the dielectric constant of the 
film and reducing the dielectric loss. It also contributes to 
the improvement of ferroelectric property of BST thin film. 
These findings may provide valuable insights on the prepara-
tion of low-cost BST films with large area and high quality.
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