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Ferroelectric 0.7BiFeO3-0.3PbTiO; (BF-PT) thin films were prepared by the sol-
gel method on Pt/Ti/SiO,/S5i, stainless steel (S5S5) and Ti substrates, respectively,
with LaNiO; (LNO) buffer layers. The performance of the BF-PT films on SS is
significantly better than that on the Ti substrates and is comparable to the films
on the Pt/Ti/SiO,/Si substrates. The BF-PT films on SS substrates have the good
crystallinity with a pure perovskite structure. Moreover, the dielectric loss and
remnant polarization (P,) of BF-PT on SS are of 4.48% (at the frequency of
10° Hz) and 28.9 pC/cm?, respectively, revealing good dielectric and ferro-
electric properties. It is found that BF-PT deposited on SS has the good fatigue
resistance relative to the films on Ti substrates. The reduction of polarization is
of about 22% after the electrical switching of 1.33 x 10® cycles. Experiments
show that BF-PT thin films deposited on SS substrates exhibit superior ferro-
electric, dielectric, and fatigue resistance properties.

1 Introduction

The xBiFeO;—(1—x)PbTiO3 (BF-PT) solid solutions
attracted a lot of attention from scientists and engi-
neers during the past few decades, because their c/a
ratios above 1.18 and the Curie temperature over
623 °C can be obtained near the morphotropic phase
boundary (MPB) of x =~ 0.7 [1]. The solid solutions
exhibit pure tetragonal structure for x < 0.69, rhom-
bohedral structure for x > 0.73, and two phase for
0.69 < x < 0.73 (rhombohedral and tetragonal); the
tetragonality of the BF-PT solid solutions is 6-19%,
which is more than that of pure lead titanate [2, 3].
Additionally, BF-PT solid solutions can exhibit
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excellent ferroelectric and ferromagnetic properties
[4, 5]. Thus, BF-PT ceramics have good application
prospects for high-temperature piezoelectric devices,
electromechanical transducers, and high-power
solid-state transformers [6, 7]. Thin films have
advantages over bulk ceramic materials such as
miniaturization, which have potential applications in
microelectronic mechanical intelligent devices such
as ferroelectric memories and capacitors [8, 9]. Pre-
vious studies have shown that doping can be used to
improve the performance of ferroelectric materials.
For example, the ferromagnetic and ferroelectric
properties of BigosDyg0s5Fe0.0sMg 0503 (M = Mn, Co)
ceramics prepared by the co-doping of Dy-Mn and
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Dy—Co with BiFeO; (BF) ceramics have been
improved. For ferroelectric thin films, the
microstructure and electrical properties strongly
depend on the characteristics of the underlying sub-
strates [10]. For example, the BF thin films deposited
on NdGaO; (NGO) and SrTiOs; (STO) substrates
showed structures with just 109° domain walls as
well as with 71° and 109° domain walls, respectively
[11]. The BF thin films on STO have a diamond-
shaped structure, while the BF films on LaAlO;
(LNO) possess tetragonal lattice [12]. Compared with
conventional Si substrates, ferroelectric thin films
deposited on base metals are better for their inte-
gration with engineering systems [13, 14]. Addition-
ally, these low-cost metal substrates can act as both
the bottom electrode and the substrates to avoid the
complicated micro-machining of the silicon sub-
strates [15, 16] and to simplify the overall device
manufacturing. In our previous work, we studied the
ferroelectric and dielectric properties of Pb(Zrgs;.
Tip47)O3 (PZT) ferroelectric films deposited on SS and
Ti substrates, as well as La-doped BF-PT films
deposited on Pt-covered Si wafers [17-19]. The
presence of the LNO buffer layers can improve the
ferroelectric performance of BF-PT thin films [20].
Recently, the ferroelectric Nag5Bigs(TiposFeo 02003
(NBTFe) thin films and the perovskite structure
Nd,NiMnOg (NNMO) thin films deposited on dif-
ferent substrates were reported in the literature
[21, 22]. However, under the same preparation con-
ditions, analysis of BF-PT thin films properties as a
function of the various underlying substrates was
rarely reported. Therefore, this work demonstrates
the BF-PT thin films deposition on Pt/Ti/SiO,/Si, SS,
and Ti substrates with LNO bulffer layers. We studied
morphology, dielectric, and ferroelectric properties of
the resulting films as a function of their underlying
substrates. The effects of substrates on the leakage
current and fatigue performance of BF-PT films were
also analyzed.

2 Experimental

0.1 mol/L LNO precursor and 0.4 mol/L BF-PT sols
were prepared using Bi(NO3)3-5H,0, Fe(NO3)3-9H,0,
Pb(CH;COO),, Ti(OCzHo)s, and 2-methoxyethanol
(2-MOE). An additional 10 at% of Pb was added to
account for the Pb loss during the solution prepara-
tion and heating at 90 °C for 2 h. The resulting
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solution was 0.4 mol/L 0.7BiFeO5-0.3PbTiO5 (BF-PT)
sol.

LNO sol was spin-coated on SS, Ti, and Pt/Ti/
5i0,/5i substrates at 3500 rpm. Each layer was
heated in the O, atmosphere for 5 min at 550 °C. This
stage was repeated until the desired film thickness
was obtained. 150 nm thick LNO layer was obtained
by 15 min annealing in the air at 700 °C. BF-PT sol
was deposited at 3500 rpm on SS, Ti, and Pt/Ti/
Si0,/Si substrates containing LNO bulffer layer. Each
layer was heated for 5 min in pure O, at 500 °C. This
stage was repeated eight times. Finally, a 0.4 mm Au
layer, acting as an electrode, was deposited on BF-PT
films through a shadow mask.

The phase structure of the films was obtained by
X-ray diffraction (XRD) performed using the
DLMAX-2550 instrument. Film morphologies were
analyzed by scanning electron microscopy (SEM)
performed using a JEOL JSM7000F instrument. The
leakage current, as well as dielectric and ferroelectric
properties, was analyzed by Agilent 4294A impe-
dance analyzer and Precision Premier II ferroelectric
tester.

3 Results and discussion

3.1 Phase structure and surface
morphology

XRD of BF-PT thin films on different substrates
showed patterns corresponding to the perovskite
structure (see Fig. 1). The intensity of the (110) peak
was in the following order: SS > Pt/Ti/SiO,/Si > Ti.
Thus, the films deposited on SS and Pt/Ti/SiO,/Si
had higher crystallization degree. XRD peaks
belonging to metallic Cr and Fe were observed for the
samples deposited on the SS substrates because it
contained ~ 19% of Cr and a lot of Fe. (110) TiO,
peak observed in the XRD patterns of the samples
deposited on the Ti substrates was due to the Ti
oxidation and diffusion during annealing in the
oxygen atmosphere. Above 500 °C, Ti is mainly oxi-
dized to Ti*" and the oxidation products of TiO,.
> Ti,O5 > TiO under sufficient O, atmosphere [23],
so the results show that Ti element diffuses. The main
oxidation product is TiO,, and the degree of diffusion
at the bottom is much larger than that of the SS
substrates.
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Fig. 1 XRD patterns of BF-PT thin films for different substrates

SEM of BF-PT films on SS and Pt/Ti/SiO,/Si were
more uniform with denser structure and larger
average grain size (~ 50 nm) than the films depos-
ited on Ti substrates (see Fig. 2), which had rougher
morphology and only some pores. Additionally,
crystal grain sizes of films deposited on the Ti sub-
strates were not uniform, mostly because of the
inhomogeneous Ti substrate texture formed during
annealing [24]. This initial substrate surface rough-
ness had a great impact on the thin films grain
development during the early nucleation stages.

Fig. 2 SEM images of BF-PT
thin films prepared on different
substrates: a Ti, b SS, and ¢
Pt/Ti/SiO,/Si

— 200 nm
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The cell parameters of BF-PT films, Ti, SS, and Pt/
Ti/SiO,/Si substrates were 3.7957 A, 4.6843 A, 3.599
A, and 4.6843 A, respectively. According to the lattice

mismatch formula, 6 = %, where ¢ is lattice mis-
match, o is the cell parameter of the substrate, and o,
is cell parameter of the thin films, we can get the
lattice mismatch of three substrates: Ti > SS > Pt/Ti/
SiO,/Si. The thermal expansion coefficients of Ti and
SS substrates were 10.8 x 107%/k and 14 x 107%/k,
respectively. Therefore, the thermal expansion of SS
substrates is more obvious at high temperature, so
LNO buffer layer is added to reduce the influence of
substrates on the thin films. According to the Raman
diffraction pattern (see Fig. 3), it can be seen that the
width of the Raman peak of Pt/Ti/SiO,/Si substrates
becomes narrower and the peak is also relatively
sharp. To sum up, we speculated that the stress on
Pt/Ti/SiO,/Si substrates was minimum, and the
total stress on Ti was greater than that on SS
substrates.

3.2 Electrical properties

We analyzed the relationship between the dielectric
constant (¢,) and the dielectric constant loss (tand) of
BF-PT thin films deposited on different substrates. In
addition to the dielectric relaxation of BF-PT films

— 200 nm

—— 200 nm
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Fig. 3 Raman spectra on different substrates

deposited on SS at high frequencies, the dielectric
constant of films on SS was higher than that of the
films deposited on Ti substrates at 10°-10° Hz
(reaching 483.0 at 10° Hz, see Fig. 4a). The dielectric
loss of BF-PT films deposited on Pt/Ti/SiO,/Si and
SS gradually increased with frequency. However, the
dielectric loss of the films on Ti substrates (which was
equal to 11.7% at 10° Hz) decreased as the frequency
increased. This value was much higher than the
dielectric losses obtained for the films deposited on
Pt/Ti/SiO,/Si and SS (which were equal to 4.1% and
4.5%, respectively).

Analysis of the hysteresis loops at 600 kV/cm
showed that the remnant polarization (P,) values of
the BF-PT films deposited on Pt/Ti/Si0,/Si, SS, and
Ti substrates were equal to 34.8, 28.9, and 25.0 uC/
cm?, respectively. Corresponding coercive field (E.)
values were equal to 141.6, 184.9, and 227.9 kV/cm,
respectively (see Fig. 4b).

The ferroelectric performance of BF-PT films
deposited on SS were similar to the films deposited
on Pt/Ti/SiO,/Si, but higher than that of the films
deposited on Ti. The diffusion and oxidation of metal
ions in thin films deposited on metallic substrates
were the major factors causing the dielectric and
ferroelectric properties of ferroelectric films to dete-
riorate. XRD showed that Ti substrates underwent
more severe oxidation and diffusion deformations
than the SS substrates. The diffusion of Ti*" ions,
formed during the substrate oxidation, very likely
formed an internal electric field forcing the anions to
move in the direction opposite to the applied electric
field. Ti*" presence in the substrate ions very likely
increased the number of defects, which, in turn,
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Fig. 4 a Dielectric constant ¢, and loss tand as a function of
frequency of the BF-PT thin films for different substrates, b P—
E loop of the BF-PT thin films for different substrates

increased the coercive field and decreased polariza-
tion of corresponding deposited films [25]. The
roughness of the oxidized Ti affected the LNO buffer
layer bonding and crystallization, as well as
increased its conductivity, all of which caused the
lattice mismatch between LNO and BF-PT. All these
factors explain the poor ferroelectric properties of the
BF-PT films deposited on Ti.

The leakage current density of BF-PT films depos-
ited on Ti was 1-1.5 order of magnitude higher than
that of the films deposited on SS substrates (see
Fig. 5a). As the voltage of the electric field was
increased, the leakage current density of the films on
SS substrates tends to be moderate. Leakage current
density of the films deposited on Ti increased above
200 kV/cm rapidly by two orders of magnitude.

The InJ-InE diagram of the leakage current density
(/) and the applied field strength (E) showed linear

@ Springer
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Fig. 5 a Leakage current density of the BF-PT thin films for
different substrates, b 1gJ-1gE curves of the BF-PT thin films for
different substrates

InJ-InE curves in low field strength region for the BF-
PT films deposited on Ti, SS, and Pt/Ti/SiO,/Si with
the corresponding slopes equal to 1.13, 1.06, and 1.19,
respectively (see Fig. 5b). Such behavior is indicative
of a leakage current mechanism based on ohmic
conduction [26, 27]. In the mid field strength region,
an internal electric field is formed after the defects
capture the free carriers. The injected carriers form a
space charge accumulation region inside the BF-PT
films. As a result, the slopes of the corresponding Inj—
InE curves changed to 2.58, 2.43, and 2.25. Thus, the
leakage conductance mechanism, in this case, was
based on the space charge limiting current (SCLC). In
the high field strength region, the slopes increased to
8.19, 3.65, and 6.35. At the same time, the leakage
current on SS substrates was still based on the SCLC.
The leakage current and electric field of the films
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deposited on Ti and Pt/Ti/SiO,/Si substrates
showed a high exponential change relationship,
indicating that the defect impurity traps gradually
became filled with carriers, which reduced the
effective empty trap density and increased the effec-
tive electron mobility. In this situation, the leakage
current mechanism was based on a trap charge lim-
itation current (TCLC).

3.3 Fatigue and retention

Analysis of the normalized polarization as a function
of electrical switching cycles showed that BF-PT films
deposited on Pt/Ti/SiO,/Si possessed the best fati-
gue resistance. The fatigue resistance of the films
deposited on the SS was better than that of the films
deposited on Ti (see Fig. 6a). When the electrical
switching cycles were increased from 1.33 x 107 to
1.33 x 108, the normalized polarization of BF-PT
films deposited on SS decreased from 86.9 to 78.7%.
Similar values for the films deposited on Ti substrates
decreased from 84.2 to 62.7%.

The normalized polarization of BF-PT films
deposited on the Ti substrates decreased as the
retention time (in the 1-10* s range) increased (see
Fig. 6b), which indicates poor performance. How-
ever, the normalized P, of the films deposited on 5SS
substrates was close to the values observed for the
films deposited on Pt/Ti/SiO,/Si: almost no change
was observed during the 300 s retention time. At
10* s retention time, the reduction values of polar-
ization of BF-PT films deposited on Ti, SS, and Pt/Ti/
5i0,/5i substrates were equal to 19.5%, 13.6%, and
9.6%, respectively.

The worst fatigue and retention values were
observed for the films deposited on Ti substrates,
which agrees with the trends observed for other
dielectric and ferroelectric property trends. The film
fatigue and retention performance are strongly rela-
ted to the defective dipoles that cause aging. The
internal bias field generated by the defective dipoles
can reverse the flipped domains over time and
degrade the polarization as a function of time and the
number of switching cycles. Oxygen vacancy defects
are more likely to form during the crystallization
process, which, in turn, might negatively affect the
fatigue and retention resistance [28, 29]. The effect of
the diffusion and oxidation of elements in the films
deposited on Ti substrates is more serious than for
the films of the SS substrates. Thus, thin films on Ti
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Fig. 6 a Fatigue characteristics of BF-PT thin films for different
substrates, b Retention behaviors of BF-PT thin films for different
substrates

typically have higher numbers of cation and anion
defects and, as a result, poor fatigue and retention
performance.

4 Conclusions

BF-PT thin films with LNO buffer layers were pre-
pared on SS, Ti, and Pt/Ti/SiO,/Si substrates by the
sol-gel method. The dielectric and ferroelectric
properties of BF-PT on SS substrates are comparable
with that of the films on Pt/Ti/SiO,/Si substrates
and much greater than that of the films on Ti sub-
strates. BF-PT films on SS reveal the superior fatigue
and retention resistance to that of the films on Ti
substrates. TiO, diffraction peaks were observed on
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Ti substrates, indicating that the oxidation and dif-
fusion of Ti elements were quite intense, resulting in
the deterioration of the electrical properties of BF-PT
thin films.
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