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Ba,Sr(1_,TiOs (BST) thin films were fabricated on a Ti substrate using micro-arc oxidation (MAO) in an aqueous
solution with the addition of 0.6 M Ba(OH),, 0.4 M Sr(OH),, and 0.05 M EDTA. The morphology, composition,
and electrical properties of BST films prepared under different processing times were characterized, and MAO
growth characteristics of BST films were discussed. Results indicate that dielectric and ferroelectric properties of
BST films are positively correlated with surface morphology dependent on MAO spark patterns. To obtain

a smooth and compact film, the large spark stage should be avoided. During MAO processes, elements from the
substrate and electrolyte solution migrate in opposite directions under an electric field, resulting in Ba, Sr, Ti,
and O elements exhibiting a gradient distribution between the BST film and the Ti substrate. BST film prepared
using MAO is composed of two layers: an outer loose layer and an inner dense layer. In addition, because of the

position of discharge breakdown continually changing, the interface between the film and the substrate is
uneven. As MAO processing time increases, BST film thickness increases and ferroelectric property improves.
When processing time is 15 min, the residual polarization intensity (2Pr) of the BST film is about 4.9 uC/cmz.

Ba,Sr;_,TiO; (0 = x = 1, BST) is a complex perovskite material
with a high and tunable dielectric constant and low dielectric loss.
This compound has been extensively applied in the large-scale
dynamic random memory [1, 2, 3, 4], nonvolatile ferroelectric
memory [5, 6, 7], tunable microwave device [8, 9], and in many
crucial optical components [6, 10, 11, 12]. Up to now, many
techniques including magnetron sputtering [13, 14], sol-gel [15,
16, 17], pulsed laser deposition (PLD) [11, 18], and metal-organic
chemical-vapor deposition (MOCVD) [19, 20] are commonly used
to prepare fine dielectric films with tunable components. However,
these technologies have their own advantages together with some
drawbacks that limit the practical applications [21, 22, 23]. For
instance, both magnetron sputtering and PLD can produce film
with controllable components, but the film growth rate is low, and
the cost of fabrication is high. Thus, it is difficult to obtain large
membranes with good dielectric performance. The MOCVD can
enhance the preparation efficiency, but the availability of some
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pure and stable organic raw materials is always a tough problem.
In addition, the solution for MOCVD process is usually highly
toxic. The sol-gel process is deemed as a simple and cost-effective
method for the preparation of large-sized ferroelectric membranes.
However, microcracks might be produced during the subsequent
heat-treatment process, leading to inferior ferroelectric perfor-
mance. As a kind of surface modification techniques, micro-arc
oxidation (MAO) can be used for the in situ preparation of
ceramic coatings on the surfaces of some nonferrous metals. MAO
has several advantages such as the fast rate of film deposition,
simple operation, tunable film composition, strong adherence of
the thin film with substrate, little pollution, and no need for post
heat-treatment. Therefore, this technique is assigned as a technol-
ogy with low cost and high efficiency for the preparation of the
BST ferroelectric membranes with large area [24, 25, 26].

Since the 1990s, MAO has been applied in the preparation
of functional films. Studies examining BST thin film prepared

using MAO techniques have become extensive [27, 28, 29, 30],
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with the majority of studies focusing on BST film preparation
processes, its microstructure, and dielectric properties; few
studies have examined growth processes and mechanisms of
BST thin films prepared using MAO. In our study, MAO
growth processes of BST film are investigated by analyzing the
morphology, composition, and properties of BST films pre-
pared using different processing times. It is hoped to obtain the
growth mechanism of the BST film prepared using MAO
technology, and a synthesis technology which can effectively
prepare BST ferroelectric thin films with favorable microstruc-

ture and high performance at low cost will also be achieved.

Surface morphology and composition of BST films

Results indicate that surface morphology of BST thin films
differ as processing time increases (Fig. 1). When processing
time is 2 min, MAO pores with a diameter ~250 nm are evenly
distributed on the surface, and the BST film is flat and dense.
Surface roughness of the BST film is ~0.28 um [Fig. 1(a)]. As
processing time increases to 3 min, granules appear on the
surface, resulting in surface roughness to increase to ~0.55 pm.
Here, MAO pores begin to overlap, connect, and merge,
resulting in larger pores of 300-600 nm [Fig. 1(b)]. When
the processing time increases to 5 min, energy required for film
discharge breakdown increases because of an increase in film
thickness; the amount of molten oxide ejected also increases.
As some molten oxides cannot quickly disperse, agglomerates
are deposited on the surface of the BST film [Fig. 1(c)]. Surface
roughness increases to ~0.52 um. When the processing time
increases to 10 min, the surface of the film is covered with
volcanic protrusions, and surface roughness further increases
to ~0.86 pm. The diameter of MAO pores increases to 2-5 pm
[Fig. 1(d)]. When the processing time increases to 15 min,
volcanic nozzles disappear and surface roughness decreases to
~0.45 um due to MAO pores filling with molten oxide; MAO
pore diameter declines to 1-2 pm. However, sinter and fusion
of oxide in part of the surface on the film occur [Fig. 1(e)].
Finally, when the processing time is 20 min, a large number of
particles are distributed on the surface of the film. This results
in an uneven film surface, and surface roughness increases to
~0.61 pm. A number of cracks in the membrane are also
recorded [Fig. 1(f)].

Surface morphology of BST films is closely related to the
MAQO spark pattern. During MAO processes, sparks changed in
the following order (Fig. 2): Nonspark, white spark, orange
spark, and big spark (arc break). In the no-spark stage, the
surface of the Ti substrate was gradually passivated under the
action of an electric field and electrolyte, and the metallic luster
of the Ti substrate disappeared [Fig. 2(a)]. During this process,

a large number of tiny bubbles began to dissipate from the
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surface of both the cathode and anode. Noise recorded during
this stage was virtually nonexistent. When the voltage increased
to the breakdown value (Vg, 80 V), spark discharges occurred
on the Ti surface. In the white spark stage, sparks were small,
uniform, dense, and bright white [Fig. 2(b)]. This stage was
accompanied by a slight crunching noise. When MAO entered
into the orange spark stage [Fig. 2(c)], the number of sparks
decreased, the size of sparks increased, and there was a sharp
“squeak” sound. Finally, during the stage of big sparks, the
number of sparks decreased, with the majority of sparks being
mass-like and bright white [Fig. 2(d)]. The discharge reaction
became very intense and bubbles mixed with electrolyte rush
out of the liquid with a “crackling” sound, producing a white
deposit at the interface between the Ti substrate and electrolyte.

In different spark discharge stages, because of the different
discharge energy, the amount of molten oxide and the surface
morphology of the BST film formed after spraying also differed.
In the white spark stage, sparks were fine and uniform. As the
initial oxide film was relatively uniform, a large number of
discharge sparks were produced. The current and voltage
between electrodes was low. Therefore, energy consumed by
each discharge spark was very small, and molten oxide pro-
duced by discharge breakdown was also relatively small. The
surface of the film was therefore smooth and dense. At the
same time, because of the existence of pores and particles,
inhomogeneity of the film increased, providing conditions for
spark discharge in the next stage. In the orange spark stage, the
number of sparks decreased and the size of sparks increased;
voltage and current between electrodes also increased. There-
fore, energy of a single discharge increased, and the amount of
molten oxide ejected from the MAO discharge channels also
increased, resulting in a volcanic nozzle on the surface of the
film. Moreover, the surface of the film showed the character-
istics of porous overlap due to repeated breakdown. When
a large arc occurred, fine sparks on the film surface gradually
disappeared. There were several persistent and strong dis-
charges, resulting in defects such as sintering, cracks, or
porosity. The longer the processing time, the longer the
existence of the large arc, resulting in a rougher BST film
surface. Therefore, to obtain a flat and dense BST film, the
occurrence of large arcs should be avoided.

The distribution of the main elements in the BST film
varies with treatment time (Fig. 3). When the processing time is
less than 5 min, the overall distribution of Ba, Sr, Ti, and O in
the film is uniform. When the processing time increases to 10
min, many large-sized black holes appear in the elements
mapping. Compared with scanning electron microscope (SEM)
results [Fig. 1(d)], volcano-like particles evident on the film
surface are the main cause of black holes, and the distribution
of elements in the film becomes more inhomogeneous as

surface roughness increases. Surface roughness of the film
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Figure 1: SEM micrographs of the BST films prepared under different processing times. (a) 2 min, (b) 3 min, (c) 5 min, (d) 10 min, (e) 15 min, and (f) 20 min.

decreases when processing time increases to 15 min [Fig. 1(e)].
Here, volcano-like particles decrease, and the uniformity of
element distribution increases [Fig. 3(e)]. When treatment time
increases to 20 min, volcano-like particles reappear, and cracks
are recorded in the BST film [Fig. 1(f)], resulting in an increase
in inhomogeneity of element distribution [Fig. 3(f)]. In
conclusion, the distribution of Ba, Sr, Ti, and O in the BST
membrane is closely related to the surface morphology of the
BST film.

Variations in element information on the film are analyzed
in a qualitative manner using X-ray photoelectrons spectros-
copy (XPS) (Fig. 4). XPS spectra of the BST film obtained with
the processing time of 5 min [Fig. 4(a)] records C to be present
in the film, as well as Ba, Sr, Ti, and O. The high-resolution
XPS spectra of C 1s, Ba 3d, Sr 3d, Ti 2p, and O 1s peaks are
shown in Figs. 4(b)-4(f), respectively. The spectrum of C 1s
[Fig. 4(b)] reveals two peaks with binding energies of 284.6 eV
and 286.1 eV, respectively. The peak at 284.6 eV is assigned to
adventitious C from the environment, and the peak at 286.1 eV
is consistent with the binding energy of C in SrCO; and
BaCOs. The Ba 3d spectrum [Fig. 4(c)] is composed of Ba 3d;,,
(794.7 €V) and Ba 3ds, peaks (779.4 eV), corresponding to the
perovskite structure of BST. The Sr 3d spectrum [Fig. 4(d)]
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records four peaks, with binding energies of 132.3, 133.8, 134.3,
and 135.7 eV. The binding energy pair of 132.3 and 133.8 eV is
assigned to Sr atoms in the perovskite phase; peaks at 134.3 and
135.7 eV are attributed to Sr atoms of carbonate. The Ti 2p XPS
spectrum [Fig. 4(e)] is deconvoluted into two peaks (464.4 and
458.8 eV), corresponding to Ti 2p;, and Ti 2ps, peaks,
respectively, with an energy interval of about 5.8 eV. The O
Is spectrum [Fig. 4(f)] can be fitted into two peaks, with
binding energies of 532.4 and 530.3 eV. Although the peak at
532.4 €V is consistent with O 1s in SrCO3 and BaCOs, it has
a low content. The 530.3 eV peak is consistent with the binding
energy of O atoms in TiO;>~. In summary, the valence states of
Ba, Sr, Ti, and O in the film are Ba*>", Sr**, Ti*", and O*~,
respectively, and the membrane layer is mainly composed of

tetragonal Ba,Sr(; _,)TiO; with a small amount of carbonate.

Cross-section morphology and composition of BST
films

Analysis of cross-section SEM images of BST-2, BST-3, BST-5,
and BST-10 thin films indicates that, with a processing time of
2 min, a compact film with a thickness of about 2 um is formed
on the Ti substrate (Fig. 5). The interface between the film

cambridge.org/JMR

M Journal of Materials Research M Volume 35 M Issue 13 M Jul 14, 2020 M www.mrs.org/jmr

1705



Y I o

and the substrate is uneven, and the surface of the BST
membrane is hilly. When processing time increases beyond
3 min, the BST film is obviously composed of two layers: an
outer loose layer and an inner dense layer. In addition, the
number and diameter of pores increase as processing time
increases. MAO pores are only evident in the outer loose
layer, and they do not traverse through the inner dense layer
to the Ti substrate. Sparking always occurred on the thinner
film where the film was easily broken down. Where cracks or
pores were present on the dense layer, sparking occurred at
these places, forming a discharge channel. Here, as fused
oxide repaired the pores or cracks, no cracks or pores were
identified in the dense layer [31, 32]. With the continuous
generation of fused oxide, the thickness of the BST film
increased, the location of the thinner film constantly
changed, and the position of discharge breakdown also
changed accordingly. These changes resulted in an uneven
interface between the film and the substrate. A loose layer
corresponding to the porous structure is recorded in the
surface morphology (Fig. 1) of the BST films as granules
with a loose porous structure.

To further examine MAO growth mechanisms of the BST
thin film, electron probe microscopic analysis (EPMA) was
undertaken on the cross section of the BST film (Fig. 6). Results

indicate that, as processing time increases, Ti is continuously
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(d)

Figure 2: Electric spark formed during the process of MAO. (a) Nonspark, (b) white spark, (c) orange spark, and (d) big spark.

diffused from the substrate to the film, and its distribution in
the BST membrane is gradually homogenized. The content of
O is basically unchanged, having an even distribution. As
content in the membrane increases, Ba and Sr are uniformly
distributed along the cross section. In general, when the
processing time is greater than 5 min, the distribution of
elements in the BST film is substantially uniform. EPMA
results (Fig. 6) also indicate that a gradient distribution of
Ba, Sr, O, and Ti between the BST film and the substrate is
evident, indicating that the relative content of Ba,Sr(;_y)
TiO; decreases and TiO, increases from the coating surface
to the Ti substrate. As Ba, Sr, and O elements mainly derive
from the electrolyte, with Ti deriving from the substrate,
during MAO processes, elements from the substrate and
electrolyte migrate in opposite directions under an electric
field. According to previous studies [33, 34], titanium was
dissolved [Eq. (1)] and oxygen was evolved at the anode
during the nonspark stage of MAO. Oxygen produced here
could be dissolved in the electrolyte, producing O*~, which
reacted with Ti*" to form titanium dioxide [Eq. (2)]. During
the discharge breakdown of MAO, TiO, should be contin-
uously consumed to form a BST film [Eq. (3)], and new TiO,
was formed at the same time until MAO was completed.
This indicated that the BST film grew inward and outward at

the same time. Accordingly, the schematic figure of the
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formation of BST thin films prepared by MAO can be
proposed (Fig. 7).
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Figure 4: XPS spectra of the BST film. (a) Survey scan, (b) C 1s, (c) Ba 3d, (d) Sr 3d, (e) Ti 2p, and (f) O 1s.

xBa(OH), + (1 — x)Sr(OH), + TiO, — Ba,Sr;_,TiO3 + H,O
3)
Ti — Ti*" +4e” (1)

In addition, EPMA results (Fig. 6) indicate that O pene-

Ti** +20°" = TiO, (2)
trates into the Ti substrate, this being a characteristic of MAO,
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Figure 5: Cross-section SEM images of BST films prepared with different processing times. (a) 2 min, (b) 3 min, (c) 5 min, and (d) 10 min.

that is, penetration oxidation occurs. Because of the existence
of penetration oxidation, a thick transition zone between the
film and the substrate existed, resulting in a high adhesion of
BST film [35, 36].

Properties of the BST films

Dielectric constants and dielectric loss of BST films obtained at
different processing times were analyzed at various frequencies
(Fig. 8). Results show that BST films obtained at different times
basically conform to the rule of high dielectric constant and low
dielectric loss, except for BST-10. Combined with results in Fig. 1,
the dielectric properties of BST films are positively correlated with
the surface morphology of the films. Flat and dense BST film
possesses a good dielectric property, and loose and rough BST
film has an inferior dielectric property, such as BST-10.

The ferroelectric properties of BST films were tested at
500 V with a frequency of 200 Hz (Fig. 9). Results indicate that
hysteresis loops of BST films gradually become slender,
uniform, and symmetrical with an increase in processing time,
indicating that the ferroelectric properties of BST films are
continuously improving. When processing time is less than 3
min, the polarization intensity of the film decreases with an
increase in voltage, and the hysteresis loop is in a state of
“smiling mouth” [37, 38] [Figs. 9(a) and 9(b)]. The decline in
residual polarization strength with an increase in voltage was

© Materials Research Society 2020

mainly attributed to oxygen vacancy in the membrane [39, 40,
41]. In the ABO;-type oxides, oxygen atoms escaped from the
lattice structure to form oxygen vacancies which pinned the
inversion of the ferroelectric domains [42, 43]. With an
increase in voltage, oxygen vacancies increased and the pinning
effect on ferroelectric domains strengthened, thus ferroelectric
domains could not be reversed in time, and the residual
polarization strength of the films decreased. However, this
phenomenon gradually decreases with time, and it is no
longer evident when processing time exceeds 15 min.
Moreover, according to Es-Souni [42], leakage current
properties showed a strong dependence on thickness, and
the space charge-limited current (SCLC) was advanced as
a predominant conduction mechanism. In the SCLC mech-
anism, current density was dependent on voltage and
thickness, as [44, 45]:

n
J=C :l/—m , (4)
where ] is the current density, d is the BST film thickness, V is
the operation voltage, and C, #, and m are arbitrary constants.
This equation shows that when the thickness of the ferroelec-
tric film increases, leakage current decreases. At the same time,
the ferroelectric property of the film improves. By combining

Eq. (4) and Fig. 6, it can be seen that with an increase in
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Figure 6: EPMA results of BST thin films obtained under different processing times. (a) 2 min, (b) 3 min, (c) 5 min, and (d) 10 min.

Electrolyte solution

Figure 7: Schematic diagram of the formation of BST thin film prepared by
micro-arc oxidation.

processing time, film thickness increases, leakage current
decreases, and the ferroelectric property of the BST thin film
is enhanced: findings that are consistent with those in Fig. 9. In
addition, dielectric and ferroelectric properties of BST thin
films were closely related to the film microstructure [46]. With
a reduction of the film surface roughness and improvement of
film density, the capacitance of the film increased and

ferroelectric performance was optimized because of a decrease

© Materials Research Society 2020

in mismatch stress and a reduction in the nonperovskite
structure [43, 47]. Results in Fig. 8(e) indicate that the positive
residual polarization intensity (P,) and negative residual
polarization intensity (—P,) of the BST film obtained after
15 min are about 2.4 pC/cm* and —2.5 pC/cm?, respectively.
The positive coercive voltage is about 160 V, and the negative
coercive voltage is about —190 V.

Conclusion

In this study, growth characteristics of MAO in BST films were
identified by analyzing morphology, composition, and proper-
ties of BST films under different processing times. Results
indicated that the final surface morphology of the BST film was
closely related to the MAO spark pattern. To obtain a smooth
and compact film, a large spark stage should be avoided. BST
film prepared using MAO technique was composed of two
layers: an outer loose layer and an inner dense layer. When
processing time was greater than 5 min, the distribution of Ba,
Sr, Ti, and O in the BST film was substantially uniform, and
a gradient distribution of Ba, Sr, O, and Ti existed between
the BST film and the substrate. The dielectric properties of
BST films correlated with surface

were positively
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Figure 8: (a) Dielectric constants and (b) dielectric loss of the BST thin films prepared with different processing times.

morphology; flat and dense BST film possesses a good
dielectric property. Results from our study provide new
findings and reference values for low-cost preparation of

high-performance BST films.

BST samples preparation

Ti 99.6% (Guangzhou Changcheng Titanium Co., Ltd., China)
with a dimension of 40 x 20 x 2 mm’ was used as the
substrate for the preparation of BST membrane. The titanium
sheet was grounded by SiC paper with different grits from 180
to 1000. After grinding, the titanium substrates were subjected
to an acid pickling in a mixed solution of 25% HF and 75%
HNOj; by volume, followed by rinsing with anhydrous acetone
and distilled water. The samples were then dried with hot air.
The MAO process was conducted by using a JYW-50 series
equipment (Guangzhou Jingyuan Electronic Equipment Com-
pany, China). The titanium plate was applied as the anode, and
a 304 stainless steel was used as the cathode. An aqueous
solution of 0.6 M Ba(OH),, 0.4 M Sr(OH),, and 0.05 M EDTA
was used as the electrolyte. Temperature of the electrolyte was
controlled at 50-60 °C by a water-cooling system. The current
density and frequency were set as 0.5 A/cm” and 150 Hz,
respectively, and the duty ratio of MAO process was 80%.
Processing times were set as 2 min, 3 min, 5 min, 10 min, 15
min, and 20 min, respectively. For the convenience of expres-

sion, BST-n (n refers to processing time) was used hereafter.

Characterizations

The surface and cross-section morphology of the BST films
were characterized using an FEI Nava-Nano 430 SEM, oper-
ated at 20 KV. The cross-section samples were prepared using

the following method. Fresh cross-section samples of the BST
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films were initially cut using a BUEHLER IsoMet 5000 cutter,
and then the samples were inlaid using a BUEHLER Isimpli-
Met 3000 metallographic inlay machine. Before observation
and analyses, the samples were sanded using SiC paper
successively up to 1500 grit before being polished with a di-
amond polishing fluid (3 pm) and an aluminum trioxide
polishing fluid (0.02 pm), respectively. Finally, the samples
were rinsed with deionised water and air-dried. To reveal the
fine microstructure, the samples were plated with Au using
a Leica EM SCD 500 device. Energy dispersive spectrometer
(EDS) attached to SEM was used to detect elemental compo-
sition and distribution of the BST thin films. Surface roughness
of the BST thin film was measured using a German BMT Exert
3D tomography. Each sample was measured horizontally and
vertically at three different positions with a scan length of
10 mm, and average surface roughness was recorded. XPS
incorporating a Kratos Ultra Axis spectrometer equipped with
a monochromatized Al-K, X-ray source (1486.6 eV) was used
to analyze the chemical composition of the BST membrane and
the binding states. The electron analyzer was used 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. The cross-
section composition of BST membrane was characterized by an
electron probe X-ray microanalyzer (Shimadz, EPMA-1600).
The impedance analyzer (Agilent HP4284) was applied for
testing the electric capacity and dielectric loss value. The testing
voltage was 1.0 V with the frequency ranged from 20 to 1 x
10° Hz. The polarization versus electric field (P-E) hysteresis
characteristics were obtained using a Radiant Precision LC
material analyzer. Before testing, a Pt electrode was deposited
on the BST membrane using a Leica EM SCD 500 device. The
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Figure 9: Electric hysteresis loops of the BST thin films with different processing times. (a) 2 min, (b) 3 min, (c) 5 min, (d) 10 min, and (e) 15 min.

dielectric constants of the thin films were calculated according
to e’ = C-d/(S-gy), where d is the thickness of the BST film, &’ is
the dielectric constant, C is the electric capacity of the sample,
and S is the area of the electrode (0.785 cm?). The dielectric

constant in a vacuum, &, is 8.85 x 1072 F/m.
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