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1 Introduction

ABSTRACT

In this paper, ferroelectric films of 0.7Bi(Feg 9sMng 02)O5-0.3PbTiO; (BFM-PT) on
LaNiO; (LNO)-coated stainless steel (SS) substrates with different thicknesses
were fabricated by sol-gel process. X-Ray diffraction (XRD) patterns and
Scanning electron microscopy (SEM) images reveal that such BEM-PT thin films
show single perovskite structure and smooth surface without detected second
phase. With the increase of film thickness, BEM-PT thin films exhibit increased
maximum polarization (P,,,) and dielectric constant (¢,), as well as reduced
dielectric loss (tand) and leakage current density. The values of remanent
polarization (P,), ¢, and tané (@ 10° Hz) for BFM-PT thin films with thickness of
1.2 pm are 21.2 pC/cm?, 618 and 0.05, respectively. The conduction mechanism
of the BFM-PT thin films at low electric field changes from space charge limited
conduction (SCLC) to Ohmic conduction with the increase of film thickness. Our
results indicate that BFM-PT thin films coated on SS substrates with LNO buffer
layer maintain excellent dielectric and ferroelectric properties.

(MPB) obtained the enhanced piezoelectric properties
that attribute to the existence of tetragonal and

In recent years, solid solutions of bismuth ferrite
(BiFeO3, BF) with other ABO; perovskite structure
oxides have been received extensive attention from
the researchers as alternative to traditional Pb(Zr,Ti;.
03 (PLZT) piezoelectric materials because of its
strong ferroelectric, multiferroic and lead-reduced
environmental friendly properties [1-3]. Modified
BiFeO;-xPbTiO; (BF-PT, x ~ 0.7) solid solutions
ceramics near the morphotropic phase boundary
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rhombohedral phases [4-7]. It is of great interest to
prepare thin film type BF-PT-based solid solutions
with comparable dielectric and ferroelectric proper-
ties with bulk materials, which are more suitable for
applications in microelectro-mechanical systems
[8, 9]. In the past few decades, element doping and
buffer layer have become efficient and easily avail-
able strategies for researchers for the purpose of
further improving the performances of BF-PT thin
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films [6, 7, 10-12]. The sol-gel derived La/Mn co-
doped 0.7BF-0.3PT thin films prepared on Si sub-
strates have excellent ferroelectric responses with
Mn** and La®* substitutions for part of Fe>* and Bi**
ions, respectively [10]. Multilayer BF/PT thin films
coated on Si substrates been reported the improved
ferroelectricity with large value of P, ~ 41 nC/ cm?,
which attribute to little variation valence of metal
ions in PT layers [11]. BF-xPT thin films with low
leakage current density have been fabricated by
introducing PT buffer layer which forms a Schottky
barrier between the substrates and films [12].

In order to meet the application of wearable and
flexible electronic devices, ferroelectric thin films are
also expected to be deposited on substrates which
made by flexible metal foils [13, 14]. The perfor-
mances of ferroelectric thin films on flexible metal
substrates are deeply affected by thermal diffusion of
metal elements and lattice mismatch, which can be
weakened by the buffer layer with perovskite struc-
ture, such as LNO and LaSrCoQOj; [15, 16]. These oxide
buffer layers not only have more similar lattice
parameters of ferroelectric thin films, but also helps
to reduce thermal expansion bring by metal sub-
strates [17-19]. By integrating La-doped PbZrO;
(PLZO) thin films on austenitic metal foil substrate
with the LNO buffer layer, the comparable energy
storage density of PLZO thin films is obtained to that
of PLZO thin films on Pt/Si substrate [17]. In our
previous work, the dielectric and ferroelectric prop-
erties of BST, PLZT and BF-PT thin films on SS sub-
strates have been well explored [15, 16, 18-20].
However, the influence of metal substrates on the
growth process of BF-PT thin films and the thickness-
dependent properties are rarely reported.

In this work, 0.7Bi(FegosMng ¢,)O5-0.3PbTiO5
(BFM-PT) thin films with different thicknesses were
fabricated on the stainless steel (SS) substrates with
incorporation of the LaNiO; buffer layer by the sol-
gel technique. The dielectric and ferroelectric prop-
erties of BEM-PT thin films were studied as a function
of film thickness, the conduction mechanism of BFM-
PT thin films was also investigated.

2 Experimental procedures

07B1(F6098Mn002)03—03PbTIO3 thin films with
thickness of 0.3, 0.6, 0.9 and 1.2 pm were synthesized
on SS by the sol-gel progress. Bi(NOs;);-5H,0,
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Fe(NO3);-9H,O, Pb(CH3COO0),, Ti(OC4Hy)s and
Mn(CH3;COO),-4H,O were mixed according to the
stoichiometric ratio in 2-methoxyethanol, then the
mixture was heated at 90 °C and stirred at 120 rpm
for 2 h to obtain 0.4 mol/L BFM-PT precursor. The
excess Bi and Pb of 2 at% and 10 at%, respectively,
were added to compensate the loss of Bi and Pb
during heat treatment. The nitrates of Ni and La were
dissolved into acetic acid in the ratio of 1:1 and
heated at 90 °C for 2 h to prepare LaNiO; sol of
0.1 mol/L. LNO sol was spin coated on stainless steel
substrate at 3000 rpm at room temperature and
annealed at 550 °C for 4 min in O, atmosphere to
obtain a layer of LNO. The LNO buffer layer reached
thickness of around 100 nm by repeating the above
steps and heat treated at 700 °C for 10 min in O,
atmosphere. Finally, BEM-PT solution was spun on
the LNO buffer layer and Pt/Si at 3500 rpm at room
temperature, and dried at 200 °C for 2 min. Each
layer of BEM-PT thin films with thickness of about
70 nm was heated at 300 °C for 2 min and annealed
at 580 °C for 3 min rapidly. The procedures were
repeated several times to obtain BFM-PT thin films
with desired thickness and then annealed at 600 °C
for 30 min.

The phase structure of BFM-PT thin films was
analyzed by X-ray diffraction (XRD) system (Rigaku
D/Max-2200 V, Japan). The surface and cross-sec-
tional morphology of the films were tested using the
scanning electron microscopy (FESEM, JEOL, JSM-
7000F). The dielectric, ferroelectric and electrical
characteristics of BEM-PT thin films were tested by
Aglient 4294A Impedance Analyzer and Ferroelectric
tester (Precision Premier II).

3 Results and discussion

3.1 Phase structure and surface
morphology

XRD results of BFM-PT thin films for different
thicknesses on SS substrates are presented in Fig. 1.
BFM-PT thin films show pure perovskite structure
without detected secondary phases. The intensity of
(100) and (110) diffraction peaks become stronger
with the increase of BFM-PT thin films thickness,
which indicates that the crystallinity of BEM-PT thin
films has been well promoted [21]. The crystallinity of
BEM-PT thin films is dependent on the thickness of
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BFM-PT thin film. The lattice parameters of SS and
BF-PT are 2.66 and 4.25 A, and the thermal expansion
coefficient (TEC) of SS substrates and BF-PT are about
18.4 x 107° and — 4.7 x 107°/°C, respectively. Thus,
a significant lattice and thermal mismatch have been
introduced between SS substrates and BEM-PT thin
films, which will produce compressive stress in the
BFM-PT thin films, resulting in lattice distortion
[15, 22]. Although the introduction of the LNO buffer
layer reduces the compressive stress caused by the SS
substrates in BEM-PT thin films, the effects of com-
pressive stress still exist. When the thickness of BFM-
PT thin film increases, the influences caused by lattice
and thermal mismatch will be weakened, which is
contribute to the growth of BEM-PT thin films in (100)
and (110) planes.

Figure 2a-d show SEM images of BFM-PT thin
films on SS substrates for different thicknesses. It is
observed that BFM-PT thin films have smooth and
compact microstructure, with the average grain size
of 20-50 nm approximately. At the same time, the
grain size increases with the increase of BEM-PT thin
films thickness. The cross-sectional images shown in
Fig. 2a’-d’) taken from the fractured surface of BFM-
PT thin films indicate the films are well densified
with thickness of 0.3, 0.6, 0.9 and 1.2 pm, respectively.

3.2 Dielectric and ferroelectric properties

The dielectric properties of BFM-PT thin films for
different thicknesses are presented in Fig. 3a and b.
The dielectric constant (¢,) of BFM-PT thin films
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Fig. 1 XRD patterns of BFM-PT thin films for different
thicknesses on SS substrates
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Fig. 2 SEM images of surface and cross-sectional BFM-PT thin
films for different thicknesses on SS a—d and PtSi a’-d’
substrates

increases gradually with the increase of film thick-
ness, and this trend slows down when the BFM-PT
thin film thickness reaches to 0.9 um. The value of &,
of BEM-PT thin films increases from 245 to 618 (@
10® Hz), which increases nearly three times, when the
thickness of the film is increased from 0.3 to 1.2 pm.
Besides, the dielectric constant and loss of BFM-PT
thin films with thickness of 0.9 and 1.2 pm display
excellent frequency stability. When the film thickness
is less than 0.6 um, BEM-PT thin films have large
dielectric loss which dramatically increases with the
increase of frequency.

It is reported that the relationships between film
thickness and dielectric properties of ferroelectric
thin films are closely related to the dead layer with
low permittivity between substrates and ferroelectric
thin films [23, 24]. Because of metal element diffusion
and lattice mismatch, the dead layer often with
thickness of several nanometers appears at the
interface between electrode and substrate and films.
For parallel plate capacitor structure, the relationship
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Fig. 3 Dielectric properties of BFM-PT thin films for different
thicknesses on SS substrates

between the & of BFM-PT thin films and low per-
mittivity interface layer can be explained by the low
permittivity model. The interface layer influences the
¢, with the BFM-PT thin film thickness d, which is
described as
1 . di | ds

=+=+
& & &

Yt > > dody)
i (1)
where ¢, & and ¢ are the permittivity of interface
layer on the bottom and top electrode and the per-
mittivity of the BEM-PT thin films, respectively; d;, d,
and d; are the thickness of the interface layer on the
bottom and top and the films. The thicker the dead
layer, the smaller the dielectric constant of the film.
Meanwhile, with the increasing thickness of BFM-PT
thin films, the influence of dead layer on dielectric
properties decreases gradually and the dead layer is
no longer the main factor affecting the dielectric
properties of films [23-25]. The compressive stress
caused by the substrate lattice mismatch and thermal
expansion also significantly affect the values of ¢, and
tané of BFEM-PT thin films. As the thickness of BFM-
PT thin films increases, the compressive stress is
gradually released [15, 16, 18]. Besides, BFM-PT thin
films with thickness of 0.9 and 1.2 um have large
grain size, which indicates that the volume fraction of
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grain boundary reduces, so that the restriction of
grain boundary is reduced on domain switching
during polar process [26, 27]. As the consequence, the
value of ¢, for BEM-PT thin films increases and tand
decreases as the increasing grain size and film
thickness.

Figure 4a presents the P-E loops of BFM-PT thin
films for different thicknesses at room temperature.
When the BEM-PT thin films thickness is greater than
0.3 um, all samples have saturated slender loops.
Figure 4b shows thickness-dependent maximum
polarization (P,,,) and coercive field (E;) of BEM-PT
thin films. When the film thickness is increasing, the
saturation polarization of BEM-PT thin films increa-
ses gradually and E. decreases, while the P, changes
slightly. When the thickness of BFM-PT thin films
increases from 0.3 to 1.2 um, the value of E. decreases
from 305 to 108 kV/cm, which decreased by nearly
64%, and the value of P,,, for BEM-PT thin films
enlarges from 30.6 to 43.7 uC/ cmz, which increased
by 42.8%.

When the thickness of BFM-PT thin films is low,
the compressive stress introduced by lattice and
thermal mismatch will form a clamping effect in thin
films, which will make the dipole switch more diffi-
cultly [15, 28]. Thus, BFM-PT thin films with
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Fig. 4 a Hysteresis loop and b maximum polarization and
coercive field of BFM-PT thin films for different thicknesses on
SS substrates
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thickness of 0.3 pm have large coercive field. As for
the improving polarization of BFM-PT thin films, on
the one hand, the influences caused by dead layer
decrease with the increase of thickness. On the other
hand, the increase of film thickness leads to increas-
ing grain size, which makes the volume of grain
boundary decrease, so that greater polarization can
be obtained for BFM-PT thin films [29-31]. The
important electrical properties of BEM-PT thin films
are collected in Table 1.

3.3 Analysis of leakage current mechanism

The J-E characteristics of BEM-PT thin films for dif-
ferent thicknesses on SS substrates are presented in
Fig. 5. BEM-PT thin films with thickness of 0.3 pm
have the highest leakage current density, which
reaches nearly 0.1 A/ cm? at 250 kV/cm. When the
thickness of BFM-PT thin films increases to 1.2 pm,
leakage current density decreases by two orders of
magnitude compared with that of 0.3 um, which also
corresponds to its sharp and saturated hysteresis
loops. The essential factors affect leakage current in
BFM-PT thin films are the transport oxygen vacancies
generated by lack of Bi and fluctuating valence states
of Fe iron (Fe*>*/Fe®*"). Besides, the interface layers
with large amount of charges between the films and
the electrode are also important factors of the film
conduction mechanism [31, 32]. The J-E curves
asymmetry of BFM-PT thin films in positive and
negative electric field decreases gradually with the
increase of film thickness, which indicates that the
conduction of the BFM-PT thin film shifts from the
interface limitation to the bulk-dominated. This is
because the concentration of metal elements diffused
into the film decreases with the increase of BFM-PT
thin film thickness, which ameliorates the insulation
of BFM-PT thin films [33].

In order to further clarify the conductive mecha-
nism of BFM-PT thin films, the InJ-InE curves are
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Fig. 5 Leakage current density of the BFM-PT thin films for
different thicknesses on SS substrates

obtained by fitting process as shown in Fig. 6a. It is
found that the slope of InJ-InE for BEM-PT thin films
with thicknesses of 1.2 um is 1.33 and close to “1” at
low electric field, which indicate that the Ohmic
conduction is the main conduction mechanism [34].
This is due to the effects of dead layer and diffusion
concentration of metal elements in BEM-PT thin films
are reduced with increasing film thickness. Ohmic
conduction can be expressed by the equation
qunoV

] = T4 (2)
where 1, represents carrier concentration, g is ele-
mentary charge, u is the charge carrier mobility and
V is applied voltage.

In the medium electric field, the existence of a large
amount of oxygen vacancies and defect complexes in
BFM-PT thin films, which will capture electrons or
holes emitted from the electrode under low and
medium electric fields, and the trapped charges in the
films will accumulate to form an internal electric
field, which correspond to changing the slops of InjJ-
InE. At this time, the SCLC is the dominant conduc-
tion mechanism of all BFM-PT thin films, and the
SCLC can be expressed by the equation

Table 1 The values of ¢, tand, P, and E. of BFM-PT thin films for different thicknesses on SS substrates

Thickness of BFM-PT thin films (um) & (@10° Hz) tand (@10° Hz) P oo (UC/em?) E. (kV/cm)
0.3 245 0.084 30.6 305
0.6 457 0.096 36.6 154
0.9 588 0.059 39.9 114
1.2 618 0.053 437 108
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where d is film thickness, ¢ is the permittivity of fer-
roelectric film, & is the vacuum permittivity and V is
applied voltage. It is noticed that when the applied
electric field is increasing, the slope of InJ-InE for
BFM-PT thin films is greater than “2”, and the bulk-
limited conduction cannot be explained. [10, 20]
Therefore, the In (J/E?) vs 1/E function of BFM-PT thin
films is presented in Fig. 6b. The linear fitting shows
that the main conduction mechanism of all BFM-PT
thin films under high electric field is Fowle-Nord-
heim (F-N) tunneling process, which can be expres-
sed as

B>
Jin = AE?exp ( El > (4)

where (); is the potential barrier height, E is the
applied electric field, and A and B are constants. At
this time, oxygen vacancies formed by Bi volatiliza-
tion and carriers accumulate at the interface of the
electrode and the films due to the high electric field
strength, forming a steeper Schottky barrier which is
too thin, so that the current tunnels through the
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electrode into the BFM-PT thin films [34, 35]. The
changes of conduction mechanism with electric field
is present in Fig. 6c. It can be seen that the conductive
mechanism of the BFM-PT thin films changes from
SCLC to F-N tunneling, that is, the process from bulk-
dominated to interface limitation. The transition
electric fields for this process of BEM-PT thin films
with thicknesses of 0.6, 0.9, 1.2 um are similar, which
are greater than that of BFM-PT thin films with
thickness of 0.3 um. This result may be related to the
increase of the film surface roughness observed by
SEM images (see in Fig. 2). The greater the film
roughness, the easier the carrier transport [10, 36].

According to the analysis results of conduction
mechanism and J-E curves, the conduction mecha-
nism changes when the BFM-PT thin film thicknesses
increase to 1.2 um, and the leakage current density
decreases when the film thicknesses greater than
0.3 um. These results reveal that the change of film
thicknesses mainly changes the insulation of BEM-PT
thin films and have little effect on the conduction
mechanism.

4 Conclusion

BFM-PT thin films for different thicknesses synthe-
sized by sol-gel progress were deposited on stainless
steel substrates, and BFM-PT thin films were single
perovskite structure and well crystallized. The
increasing film thickness is beneficial to obtaining
higher values of ¢, and P,,,, of BEM-PT thin films,
and reducing the values of tand and E.. BEM-PT thin
films with thickness of 1.2 pym have excellent dielec-
tric and ferroelectric properties. The significant
thickness-dependent dielectric properties of BEM-PT
thin films resulted from dead layers, lattice and
thermal expansion mismatch between BF-PT thin
films and SS substrates. The increased thickness of
BFM-PT thin films has no obvious influence on the
conduction mechanism, however improving the
insulation properties of BEM-PT thin films.
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