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Abstract Bilayered ferroelectric thin films consisting of
Pb(Zr0.52Ti0.48)O3 (PZT) and (Bi3.15Nd0.85)Ti3O12 (BNT)
have been successfully synthesized on Pt/Ti/SiO2/Si sub-
strates, via a combined sol–gel and rf-sputtering route.
Their ferroelectric and dielectric properties are critically
dependent on the phases present, film texture and in
particular layer and film thicknesses. Due to the coupling
of PZT and BNT bilayers, there requires an optimized
thickness combination of the two ferroelectric layers, in
order to give rise to the wanted ferroelectric and dielectric
properties, while the phenomenon can not be accounted for
by the simple series connection model.
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1 Introduction

Ferroelectric thin films, which are compatible with the
existing Si integrated circuit technology, have attracted
extensive research for applications in non-volatile, random
access memory (FRAM) and microelectromechanical sys-
tem (MEMS) [1, 2]. A number of studies have been made
with the electrical properties of individual Pb(Zr0.52Ti0.48)
O3 (PZT) and (Bi3.15Nd0.85)Ti3O12 (BNT) thin films for
these applications [3–6]. PZT possesses attractive ferro-
electric and dielectric properties, which make it a promising
candidate. However, its polarization fatigue is a principal

drawback for applications [3, 4]. On the other hand, BNT is
of resistance to polarization fatigue despite its relatively
poor ferroelectric and dielectric properties [5, 6]. It is
therefore of interest to study the feasibilities of effectively
combining PZT and BNT, in order to improve the electrical
properties of ferroelectric thin films.

The coupling and interaction among the layers in
multilayered/heterolayered structure can significantly im-
prove the functional properties of ferroelectric and piezoelec-
tric thin films. For instance, giant polarization (79μC/cm2) has
been achieved in heterolayered films consisting of alternating
Pb(Zr0.8Ti0.2)O3 and Pb(Zr0.2Ti0.8)O3 layers [7]. The much
improved ferroelectric properties were accounted for by the
coupling of the rhombohedral and tetragonal layers. Similar-
ly, BiFeO3/SrRuO3/SrTiO3 also shows enhanced polarization
properties by heteroepitaxial stabilization of monoclinic
phase in BiFeO3 [8]. In the present study, PZT/BNT
bilayered thin films were deposited on Pt/Ti/SiO2/Si sub-
strates and their electrical properties were investigated. Three
combinations containing different PZT to BNT layers of
different layer thicknesses were fabricated.

2 Experimental details

The substrates used in this study were Pt/Ti/SiO2/Si(1 0 0).
PZT layers of thickness d1 were first deposited on the
substrates followed by the BNT layers of thickness d2. The
total thicknesses of the bilayered films (d1+d2) were
controlled at 450 nm with a tolerance of 10%, while the
ratio d1:d2 was varied from 1:2, 1:1 to 2:1. The three
bilayered films are coded as 150PZT/300BNT, 225PZT/
225BNT and 300PZT/150BNT, respectively, where the
thicknesses of corresponding ferroelectric layers are
indicated.
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The PZT layers were prepared via a sol–gel route
using lead acetate (Pb(CH3COO)2 · 3H2O), zirconium
isopropoxide (Zr[OCH(CH3)2]4) and titanium isopropox-
ide (Ti[OCH(CH3)2]4) as the starting materials. Ethylene
monomethyl ether (CH3OCH2CH2OH) and acetic acid
(CH3COOH) at volume ratio of 3:1 were chosen as the
solvent. The concentration of sol solution was controlled
at 0.4 M with 5 mol% of excess Pb to compensate for Pb
loss at the heat treatment temperature. The sol solution
was spin-coated onto the substrate at 3,000 rpm for 30 s.
The gel films were dried at 300 °C for 5 min and baked at
500 °C for 20 min before being annealed at 650 °C for
30 min.

The BNT layers were deposited on PZT films by rf-
sputtering. The starting materials of the sputtering target
were bismuth oxide (Bi2O3), neodymium oxide (Nd2O3)
and titania (TiO2). Excess Bi of 5 mol% was added to
compensate for the likely Bi loss at the annealing
temperature. They were mixed by ball-milling and pressed
into pellet before being sintered at 1,000 °C for 1 h. Depo-
sition of BNT films were performed at room temperature
with a base pressure of 10−6 Torr, deposition pressure of
20 mTorr and rf power of 100 W. The as-deposited films
were then crystallized under 700 °C for 3 min by rapid
thermal processing (RTP).

To characterize their electrical properties, Au dots of
0.1 mm radius were deposited on the bilayered films as the
top electrode. Single layered BNT and PZT films of
comparable thicknesses (coded as 450BNT and 450PZT,
respectively) were also synthesized for comparison purpo-
ses. Phase evolutions in the bilayered thin films were
monitored using an X-ray diffractometer (Bruker D8
Advanced XRD). The texture development was determined
by a field emission scanning electron microscope (Phillips
XL30 FE-SEM) and a scanning probe microscope (Nano-
scope IIIa, Digital Instruments). Ferroelectric analyzer
(Radiant Technologies) and impedance analyzer (Solartron
SI 1260) were used to investigate the ferroelectric and
dielectric behaviors of these films.

3 Results and discussions

Phase development of the bilayered thin films was
monitored at various stages of film deposition and thermal
annealing. X-ray diffraction (XRD) patterns in Fig. 1
clearly show that both BNT and PZT were successfully
retained in all the bilayered films. No other unknown
phases were observed. Both bilayered and single layered
films appeared dense and crack-free, as shown by the
surface morphology micrographs of 150PZT/300BNT and
450BNT in Fig. 2(a). The average grain sizes in the
bilayered films are greatly reduced as compared to those

of the single layered BNT film (Fig. 2(b)). Figure 2(c)
shows the cross-section of 150PZT/300BNT bilayered film.
PZT and BNT layers appeared to be densely packed and
have rather discrete interface, indicating no apparent
interaction between the two stacking ferroelectric films.

Studies of polarization–electric field (P–E) loops con-
firmed that the bilayered films behave rather differently
from the single layered PZT and BNT films. Figure 3
shows the P–E loops of both the bilayered and single layered
films measured at 500 kV/cm. The loops of the bilayered
films are not properly saturated before break down. Under an
electric field of 500 kV/cm, bilayered films 150PZT/
300BNT, 225PZT/225BNT and 300PZT/150BNT exhibit a
remanent polarization (Pr) of 5.9, 6.7 and 10.3 μC/cm2,
respectively. They are greatly improved as compared to the
heterolayered film Pt/BLT/PZT/BLT/Pt prepared via sol–

Fig. 1 XRD pattern of the bilayered and single layered films
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gel route (4.4 μC/cm2) [9]. As shown in Fig. 4, Pr of the
bilayered films is dependent on the thickness of PZT layers in
the bilayered films, where it increases with increasing PZT
layers thickness. The coercive electric field (Ec) at 500 kV/cm
is 99.8, 69.2 and 73.6 kV/cm for 150PZT/300BNT, 225PZT/
225BNT and 300PZT/150BNT, respectively.

Dielectric behaviors of the bilayered films were deter-
mined by applying a small AC current with an amplitude of
0.1 V (root mean squared value). As shown in Fig. 5, the
dielectric permittivity (ɛ) of the bilayered films is dependent
on the thickness of BNT layer in the bilayered films, where it

decreases with increasing BNT layer thickness, while their
dielectric loss (tan δ) are lowered. The improvement in tan δ
suggests that space charge is not the cause for the enhanced
permittivity.

To understand the possible couplings between the PZT
and BNT layers in the bilayered thin film further, series
connection model was considered [10]:

dt
"PZT=BNT

¼ dPZT
"PZT

þ dBNT
"BNT

ð1Þ

where dt and ɛPZT/BNT are the total thickness and of the
bilayered films, respectively, dPZT and dBNT are thicknesses

Fig. 3 P–E loops of the bilayered and single layered films at an
electric field of 500 kV/cm. Filled square: PZT single layered film,
filled circle: BNT single layered film, empty square: 150PZT/300BNT
bilayered film, empty triangle: 225PZT/225BNT bilayered film, empty
circle: 300PZT/150BNT bilayered film

Fig. 4 Pr of bilayered and single layered thin films at electric field of
500 kV/cm. The solid line is guide for the eye to emphasize the Pr

change

Fig. 2 (a)–(c) Micrographs of
single layered and bilayered
films. (a) and (b): AFM images
of the bilayered 150PZT/
300BNT and single layered
450BNT films. (c): SEM mi-
crograph of the cross-section of
the bilayered 150PZT/300BNT
thin film
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of respective PZT and BNT layers, ɛPZT and ɛBNT are ɛ of
these respective layers. It is commonly observed that
increases with increasing ferroelectric layer thickness [10,
11]. The apparent thickness dependence of ɛ is due to the
presence of a low-ɛ interface layer [11]. To obtain the term
on the left hand side of Eq. 1, thickness-independent ɛPZT
and ɛBNT on the right hand side are required. Following
reference [11], ɛPZT and ɛBNT can be separated from the
effect of interface by considering the series connection of
ferroelectric film layers and the film/electrode interface as
follows:

dm
"m

¼ df
"f

þ di
"i

ð2Þ

where the subscript m denotes the measured value and
subscript f and i indicate film and interface, respectively.
Single layered PZT as well as BNT films of four different
thicknesses were fabricated in order to obtain dm and ɛm.
According to reference [11], di is less than 20 nm while the
film thickness in this study is much larger, Eq. 2 can therefore
be rewritten as:

dm
"m

¼ 1

"f
dm þ di

"i
ð3Þ

Plotting the term on the left hand side of Eq. 3 against the
measured film thickness, thickness-independent ɛPZT and ɛBNT
can then be obtained as a gradient of the linear plot. By
substituting the obtained ɛPZT and ɛBNT into Eq. 1, the ɛ of the
three bilayered thin films can be evaluated.

The capacitances of the bilayered thin film calculated
from Eq. 1, as compared to the measured values using
impedance analyzer are shown in Fig. 6. Apparently, the
calculated capacitances are generally higher than those of

measured values. This suggests that a low ɛ layer similar to
the film/electrode interface in reference [10] can exist in the
bilayered films. The dielectric layer could be related to the
degradation of ferroelectric properties observed above,
where domain locking or screening takes place under an
applied electric field as perceived in the bulk ferroelectric
film [9, 11]. The exact identity and location of the dielectric
layer indeed require further investigation.

Fatigue endurance is one of the main concerns for a
ferroelectric thin film. Electric field switching reversal at
300 kV/cm and 200 kHz, the Pswitch—Pnon-switch (∼2Pr) of
300PZT/150BNT shows an increase from 7.54 to
32.97 μC/cm2 before it fell after 109 cycles. A similar
increase in Pr was observed in other two bilayered films.
For example, such unique phenomenon was reported in
reference [12], where it was believed to be related to the
breakdown of the dielectric layer present in the bilayered
film.

4 Conclusion

PZT/BNT bilayered thin films have been fabricated
successfully via a combined route of sol–gel and rf-
sputtering. A discrete interface between the PZT and BNT
layers was observed. XRD patterns showed that PZT and
BNT were well preserved, confirming the retention of the
two ferroelectric layers. Ferroelectric and dielectric proper-
ties of the bilayered films are largely dependent on the layer
thicknesses of PZT and BNT layers. Studies using the series
connection model suggest the presence of a low- ɛ layer in
series with the bilayers, which degrades the electrical
properties of the bilayered films.

Fig. 6 Capacitance of bilayered films at 10 kHz. Empty circle
represents the measured value and filled circle represents the
calculated value from the series connection model. The solid lines
are guides for the eye to emphasize the capacitance change

Fig. 5 Dielectric behaviors of bilayered and single layered films at
10 kHz. The broken lines are guides for the eye to emphasize the
dielectric properties change
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