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HIGHLIGHTS

» We examine the alternating heterolayered PZT thin films.

» These structures improve the ferroelectric and piezoelectric properties.

» Field-induced coupling effect induces domain switching.

» Film/film interface enhances the dielectric constant.

» Reduction in interfacial and clamping effects with increasing film thickness.
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This paper reports the latest experimental results of multilayered, heterolayered, and alternating het-
erolayered PZT thin films obtained by spin coating on Pt/Ti/SiO,/Si wafers using Zr-rich (P60) and Ti-rich
(P40) solutions which were prepared by sol—gel route process. The ferroelectric and piezoelectric
properties of the heterolayered and alternating heterolayered P60/P40 thin films were significantly
improved when compared to those of multilayered thin films using just P60 or P40 for the same film
thickness. The improved properties resulted from the field-induced coupling effect between the rhom-

I]f:i 1‘/:1(1);3;5 bohedral (Zr-rich) and tetragonal (Ti-rich) layers which induces domain switching. Namely, the values of
Interfaces the remnant polarization, dielectric constant and piezoelectric coefficient were 18.6 nC cm~2, 1040 and
Ferroelasticity 70 pm V! respectively, for alternating heterolayered P60/P40 thin films, while the properties for the

purely multilayered P60 and P40 thin films were 14.6 uC cm~2, 860 and 52 pm V—, and 17.1 uC cm 2, 800
and 50 pm V', respectively. The enhancement of the ferroelectric and piezoelectric properties of PZT
thin films with increasing film thickness in this case could be explained by the existence of an interfacial
layer and substrate clamping.

Ferroelectricity

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ferroelectric and piezoelectric thin films have received a great
deal of attention in recent years for their potential applications in
dynamic random access memories (DRAMs), nonvolatile ferro-
electric random access memories as well as microelectromechanical
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systems (MEMS) [1,2]. Sensing and actuation capabilities in most
of the MEMS devices utilize the piezoelectric effect, such as in
bio-sensors [3—5], micro-machined ultrasonic transducers (MUTSs)
[6,7], accelerometers [8], and micro-pumps [9,10]. Among various
piezoelectric thin-film materials; such as the well known BaTiOs,
AIN and ZnO; Pb(Zr,Ti)O3 (PZT) thin films can offer an attractive
option in microsensor and microactuator applications due to their
superior ferroelectric and piezoelectric properties [11].

In bulk PZT ceramics, the maximum ferroelectric and piezo-
electric properties are observed near the morphotropic phase
boundary (MPB, Zr/Ti = 52/48). It results from the increased
poling efficiency due to the metastable coexistence of ferroelectric
tetragonal and rhombohedral phases at room temperature. The
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poling under the applied electric field of the PZT ceramic is also
easy at this composition because the spontaneous polarization
within each grain can be switched to one of the 14 possible ori-
entations (eight [111] directions and six [100] directions for
rhombohedral and tetragonal phases, respectively). PZT thin films
are more complex since the film properties are affected by several
factors such as crystal orientation, Zr/Ti ratio, and substrate
clamping. Kim et al. [12] have observed that larger polarization
was obtained with increasing Ti content in the PZT thin films;
whereas, higher dielectric constant and piezoelectric coefficient
were observed in the rhombohedral phase region (on the Zr-rich
side) as compared to the tetragonal phase region (on the Ti-rich
side). The trend in the dielectric constant and piezoelectric coef-
ficient ds3 is similar to that of the bulk ceramic with the highest
dielectric constant and piezoelectric coefficient at the MPB [13].
Based on the ability to fabricate PZT thin films with crystalline
structures from rhombohedral to tetragonal phase by tuning the
Zr|Ti ratio, the ferroelectric and piezoelectric properties undergo
severe changes as well.

Heterolayered PZT thin films have recently attracted attention
because of their improved ferroelectric and dielectric constants as
compared to the single/multilayered thin films [14,15]. For instance,
Kartawidjaja et al. [16] showed the higher values of polarization
(47.7 uC cm~2 at maximum driving field of 1000 kV cm™') and
dielectric constant (1002 at 100 Hz) for heterolayered Pb(Zr3oTizg)O3/
Pb(Zr9Ti30)03 thin films on Pt/Ti/SiO,/Si than those of the multi-
layered Pb(ZroTi30)03 (34.8 pC cm 2 and 560.9) and Pb(Zr3(Ti7g)03
(37.3 uC cm~2 and 539.3) thin films. The enhancement in polariza-
tion for the heterolayered PZT thin film can be explained by the field
induced stress and coupling effects between the layers of different
structures [16,17]. This paper presents the investigations of the
multilayered [Pb(ZrggTip4)03]mn and [Pb(Zrg 4Tip)O3]m-n, hetero-
layered [Pb(ZrggTig.4)O3]m/[Pb(Zrp 4Tio,6)03], (m and n are the num-
ber coating layers with m + n = 6) and alternating heterolayered
[Pb(ZrgTig4)03/Pb(Zrg4Tigs)O3]y (N is the number of couple-
coating layers, N = 2, 3, and 4) thin films prepared by sol—gel
technique. Their ferroelectric—dielectric—piezoelectric properties
are systematically investigated, in order to understand the mecha-
nism of domain switching and residual stress in the heterolayered
thin film structures. As the film thickness can strongly affect the
ferroelectric and piezoelectric properties, moreover, these parame-
ters are also investigated for the alternating heterolayered PZT thin
films with different number of coating layers.

2. Experimental procedure
2.1. Sol—gel PZT thin film fabrication

The multilayered Pb(ZrpgTip4)O3 (P60) and Pb(Zrp4Tips)03
(P40), and heterolayered Pb(Zl‘()'gTio'4)O3/Pb(Zl‘o’4Ti0'5)O3 (PBO/P40)
thin films were formed on Pt/Ti/SiO,/Si wafers using solutions
prepared by a sol—gel technique. Here, the PZT precursor solution
was prepared from lead acetate (Pb[OAc],-3H,0), titanium iso-
propoxide (Ti[i-OPr]4) and zirconium n-propoxide (Zr[n-OPrly) in
2-methoxyethanol solvent. Each layer of the PZT films was formed
by spin coating 0.4 M PZT precursor with 10 mol% excess lead
content on the previously mentioned wafers at 4000 rpm for 30 s,
followed by pyrolysis at 400 °C for 10 min. The process was
repeated until the PZT thin films with the required coating layers
were obtained. Finally, thermal annealing at 650 °C for 60 min was
carried out to obtain the ferroelectric phase in the PZT thin films.
The thickness of each coating layer was about 60 nm. The structures
of the multilayered, heterolayered and alternating heterolayered
PZT thin films in this study are shown in Fig. 1.

2.2. Cross-sectional morphology and element depth profile

The microstructure of the sol—gel PZT thin films was investigated
using high-resolution scanning electron microscope (HRSEM: Zeiss-
1550), as shown in Fig. 2. It can be seen that all films are considerably
dense and crack-free with a thickness of 360 nm. Although, there is
a little bit of difference for P60 and P40 layers when alternatively
deposited to make the heterolayered films (see Fig. 2(c) and (d)) no
apparent segregation can be seen in these structures.

The compositional depth profile of the thin films, interfacial
layer and substrate was investigated by X-ray photoelectron spec-
troscopy (XPS: PHI QuanteraSXM). The XPS depth profile of the
multilayered P60 and P40 thin films as well as the alternating
heterolayered P60/P40 thin films having 4 layers is shown in Fig. 3.
It is clear that the compositional distributions are almost constant
in the thickness direction for multilayered films (Fig. 3(a) and (b)),
except for the outmost surface layer and transient layer close to the
surface of Pt electrodes. There exists a non-uniform profile for Zr
and Ti elements of the alternating heterolayered films (Fig. 3(c))
due to the difference of their composition ratio in each PZT layer,
with higher Ti intensity corresponding to P40 layers and higher Zr
intensity corresponding to P60 layers. The existence of slightly

(a) (b) ()
S/P60]4 S/[P40], S/[P60],/[P40],
m+ n=6 layers
St Si/SiOy/ Ti/Pt
P60: Pb(Zry ¢ Tig 4)O5
P40: Pb(Zry 4Tig 6)O4

(d) (e) (2)
S/[P60/PA0 S/[P60/P40 ] S/[P60/P40]y
N=2(4layers) N=3(6layers) N=4(8 layers)

Thickness of each P60 or P40 coating-layer: ~ 60 nm

Fig. 1. Schematic diagrams of (a) multilayered thin films of Pb(ZrgTig.4)03 with 6-coating layers ([P60]¢), (b) multilayered thin films of Pb(Zro4Tip)O3 with 6-coating layers
([P40]6) and (c) heterolayered thin films of [P60],,,/[P40], (m + n = 6 layers); (d)—(g) alternating heterolayered thin films of [P60/P40]y with the couple-coating layer N = 2 (4-

layers), N = 3 (6-layers) and N = 4 (8-layers). All films are coated on Pt/Ti/SiO,/Si wafers.
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Fig. 2. Cross-sectional SEM micrographs of (a) multilayered [P60]s thin film and (b) multilayered [P40]¢ thin film; (c) heterolayered [P60]5/[P40]; thin film and (d) alternating

heterolayered [P60/P40]5 thin film.

more lead on the surface may be due to an evaporation of the PbO
during the annealing process.

2.3. Crystalline structure

The crystalline structures of the PZT thin films were analyzed by
high-resolution X-ray diffraction (XRD: Bruker D8 Discover) with
a Cu-Ko, cathode in Bragg—Brentano geometry. The film texture and
phases present in the multilayered and heterolayered PZT thin
films can be seen clearly in Fig. 4(a). This result shows that all films
have been crystallized at 650 °C in a perovskite structure with (100)
preferred orientation and no pyrochlore phase. There is also
a coexistence of P60 and P40 in the XRD traces, where P60 exhibits
a rhombohedral structure while P40 exhibits a tetragonal structure
(Fig. 4(b)).

2.4. Ferroelectric and piezoelectric measurements

For the electrical measurements, the Pt top-electrodes
(200x200 pm? in size) were sputter deposited and patterned by
a lift-off technique. The bottom electrode was exposed by wet-
chemical etching of the PZT using a solution of HF, HNO3, and HCL

The polarization hysteresis (P—E) loop measurements were
performed using the ferroelectric mode of the aixACCT TF-2000
analyzer. In this study, the P—E loops were performed at the
applied ac-electric field of +420 kV cm~! and 1 kHz frequency and
at room temperature. A Siiss MicroTech PM300 manual probe-
station equipped with a Keithley 4200 Semiconductor character-
ization system was used for the capacitance measurement. The
capacitance—electric field (C—E) curves were measured at the
applied dc-electric field of =300 kV cm ! with an ac-electric field of
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Fig. 3. XPS depth profile along the interface between the Pt bottom electrode and PZT thin film of (a) multilayered [P60], thin film, (b) multilayered [P40], thin film, and (c)

heterolayered [P60/P40], thin film.
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Fig. 4. (a) XRD patterns of multilayered [P60]s and [P40] and alternating heterolayered [P60/P40]; thin films, and (b) zoom in of the PZT(200) peaks; (c) rocking curve (w-scan) of
multilayered [P60]g and [P40]¢ thin films at the (200)-diffraction peaks with the full-width at half maximum intensity (FWHM) of 4.6° and 5.1°, respectively.

4 kV cm™! and 1 kHz frequency. The corresponding dielectric
constants were calculated from these C—E curves.

The effective piezoelectric coefficient (ds3 ) of the piezoelectric
thin-film capacitors was measured using a Polytech MSA-400
scanning laser Doppler vibrometer (LDV) method with a precision
below 1 pm. In this study, the piezoelectric capacitor was excited by
applying a sinusoidal ac-voltage of 3 V (or 6 V)., peak-to-peak) and
at 8 kHz frequency.

3. Results and discussion

The experimental results of remnant polarization P; and effec-
tive piezoelectric coefficient d33r of the 360-nm-thick multilayered
[P60]s and [P40]e, heterolayered [P60],/[P40], (m + n = 6) and
alternating heterolayered [P60/P40]y (N = 3) thin films are shown
in Figs. 5 and 6. It can be seen that the heterolayered thin films (e.g.,
[P60]3/[P40]3) exhibited better values of P; and d33¢(17.8 pC cm—?
and 62 pm V~!) than those of the multilayered ones, that is,
14.6 pC cm~2 and 52 pm V~! for [P60]g films, and 17.1 uC cm~2 and
50 pm V~! for [P40]g films.

As mentioned previously, studies have shown that the residual
stress induced in the PZT thin film is known to affect the reorientation
of the ferroelectric domains [18—20]. Tensile stress tends to cause
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domains parallel to the film surface, which leads to a reduction in
polarization/piezoelectric coefficient. In contrary, compressive stress
causes the domains to orient along the longitudinal direction, which
in turn will cause an increase in the polarization/piezoelectric coef-
ficient. The PZT films grown on Si substrates under biaxial tensile
stress while cooling (from the annealing/firing temperature) through
the Curie temperature tend to relieve such stress through the devel-
opment of the a-domain orientation (c/a < 1), because the coefficient
of thermal expansion for the Si (4.4 x 1078 K~1) substrate is smaller
than that for the PZT film (6.0 x 1075 K~') [21-23]. Finally, when the
sol—gel PZT thin film is cooled down to the room temperature, the
residual tensile stress is approximately in the range of 150—180 MPa
for the film thickness in the range of 190—500 nm [24]. In this study,
due to the cooperative interaction between two ferroelectric phases
(rhombohedral ‘P60’ phase and tetragonal ‘P40’ phase), the residual
stress caused by film/substrate can be decreased by the discontinuity
of stress between the layers with different compositions, due to the
large in-plain strain induced in the rhombohedral layers giving rise to
a compressive stress on the adjacent tetragonal layers [25]. The
decrease of residual tensile stress in the heterolayered film leads to
the enhancement in P; and d33 values [26]. For instance, the P; and d33
values of alternating heterolayered [P60/P40]3 and heterolayered
[P60]3/[P40]3 thin films are 18.6 pC cm 2 and 70 pm V', and
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Fig. 5. (a) Polarization hysteresis loops, and (b) remnant polarization (P;) and coercive field (E.), of multilayered [P60]s and [P40]s, and heterolayered [P60]5/[P40]5 thin films. The

lines are drawn to guide the eye.
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Fig. 6. Effective piezoelectric coefficient (dss3¢) of: (a) multilayered [P60]s and [P40]s, and heterolayered [P60]5/[P40]5 thin films, and (b) alternating heterolayered [P60/P40]; thin

films. The lines are drawn to guide the eye.

17.8 uC cm2 and 62 pm V! (see Figs. 5(b) and 6), respectively.
Moreover, the enhancement in ferroelectric and piezoelectric prop-
erties of the heterolayered thin films can be also explained by
the field-induced coupling effect between the rhombohedral and
tetragonal phase layers that induces domain switching. These
enhancement factors are also used to explain the improvement of
ferroelectric and piezoelectric properties in alternating heterolayered
PZT thin films. The field-induced coupling effect is also called the
electric field-induced rhombohedral—tetragonal phase transition, in
which a remnant tetragonal phase could be preserved after removal
of the electric field [25,27]. A paper published by Zhou et al. described
the contribution of the field-induced coupling on the enhancement
of polarization [25]. When an electric field is applied to the surface
of the heterolayered film, the electric field-induced rhombohedral—
tetragonal phase transition occurs in the rhombohedral layers. The
polarization of the induced tetragonal phase in the rhombohedral
phase is along the c-axis, which is normal to surface of film; on the
other hand, the polarization is aligned to the electric field direction.
As can be seen in Fig. 5(b), the larger P; values are obtained for the
heterolayered films having a greater number of tetragonal layers
(P40). Basically, the polarization vectors in the tetragonal phase lie
along the pseudocubic {100}-direction, compared to the {111}-di-
rection in the rhombohedral phase of the pseudocubic crystalline
structure. Experimentally, the polarization measurement is along the
{001 }-direction and this might be the reason for the above result. In
contrast, a higher dielectric constant is observed in the heterolayered
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films having more rhombohedral layers (P60), as shown in Fig. 7(b),
because the spontaneous polarization within each grain in rhom-
bohedral phase can be switched to one of the 8 possible orientations
(eight [111] directions for the rhombohedral phase) compared to the
6 possible domain states from the tetragonal phase (six [100] di-
rections for the tetragonal phase) and the domains in rhombohedral
phase are easier to switch than the tetragonal phase.

The enhancement of dielectric constant in the heterolayered
PZT thin films, as shown in Fig. 7, has been studied with capacitors
in series with the contribution of the film—electrode interface.
According to the widely accepted model for metal-ferroelectric-
metal (M—F—M) structure the theoretical capacitance C of the sin-
gle/multilayered PZT (e.g., [P60]g) thin films can be expressed as
follows [28—30]:

where, ¢ (=8.854 x 10712 F m™!) and ¢ are the vacuum permit-
tivity and relative dielectric constants, respectively, ¢ is the relative
dielectric constant of interfacial layer between film and electrode
and A is the capacitor area; d, dpgp and dj are the total thickness of
the film, thickness of P60 film and thickness of interface layer be-
tween Pt and P60 layer, respectively.

As the thickness of the interfacial layer is very small compared
to the total thickness, d; >> dj, the thickness of the film can be then
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Fig. 7. (a) Dielectric—electric field curves, (b) dielectric constant (¢) and dielectric loss (tan é) of multilayered [P60]s and [P40]s, and heterolayered [P60]3/[P40]5 thin films. The lines

are drawn to guide the eyes.
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Fig. 8. Inverse capacitance as a function of (a,b) multilayered P60 and P40, and (c) heterolayered P60/P40 film thicknesses.

considered as the total thickness, d; = dpgp. Equation (1) is now
rewritten as:

1_d 1 4, 1
C B AE()Ef o AEOEPGO t AEO

(2)

£i,Pt/P60

d; pe/po
£i,P60 /Pt

N di,PGO/Pt>

From the thickness dependence of the inverse capacitance for
multilayered P60 and P40 thin films shown in Fig. 8, the theoretical
values of relative dielectric constants are calculated to be about
1008 and 896, respectively, for P60 and P40 films.

To investigate the influence of heterostructure on the dielectric
constant of heterolayered thin films, the capacitance series con-
nection (e.g., [P60]3/[P40]3) has been given in several reports
[15,31] as the following equation:

d; pt/p60
i,Pt/ +
£ Pt/P60

1 dt 1

1_ _ 1 dpap
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€p40

d
dpso |
€P60

d:
n 1,P40/Pt> 3)

& P40 /Pt

As the thickness of the interfacial layer is very small compared
to the total thickness, equation (3) is rewritten as:

1 d; de/2 dy/2 d; pt/ps0 d; p4o,pt

1_ - (4)
C  Acer  Acgepeo  Acotpao  Acofipypso  Afoipao/pt

Assuming that the interfacial layers near the top- and bottom-
electrodes of the multilayered PZT thin films are similar, then the
values of di,pt/peo/AEo&'pt/pQ;o and divp40/pt/A£0£i_p4o/pt can be determined
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ac-electric field (kV/cm)

from equation (2) and Fig. 8(a) and (b). The values of d; pypso/Acosi py/
peo and d; paojpt/Acosipaojpr are 0.4800 and 0.3703, respectively, for P60
and P40 multilayered films. The value of relative dielectric constant of
heterolayered P60/P40 film can thus be obtained from equation (4),
which gives the value of 949. This calculated dielectric constant
showed a 22.4% decrease compared to the relative dielectric constant
(ef = 1162) which is obtained from Fig. 8(c). It suggests that hetero-
layered thin film cannot be explained as the sum of each individual
film (P60 and P40) using a series connection capacitor model [15,17].
In this situation, the influence of interface between the layers with
different compositions must be taken into account in the improve-
ment of the dielectric constant in heterolayered [P60]3/[P40]3 thin
film, and therefore equation (3) can now be rewritten with the
contribution of P60/P40 interfacial layer:

1 _ de 1 [dipypeo , deeo +di,P60/P4O , deao +di,P40/Pt
C  Acoer Agg \ &pype0  €P60  £,P60/PA0 P40 Ei,PA0/Pt
_ L(dpso +dP4o) N d; pt/p60 d; pao/pt d; peo/p40
Agg \epe0 €40 Acogipypso  Acofipaopt  A0€ipeo/Pao
(5)

where d; pso/pa0 and i pso/pao are the thickness and relative dielec-
tric constant of interfacial layer between P60 and P40 layers,
respectively. The value of djpeojpao/Acoti,peojpaoof 0.0732 is calcu-
lated from equation (5) and Fig. 8.

1200 +

800

Dielectric constant

400 |-

-300 -200 -100 O 100 200 300
dc-electric field (kV/cm)

Fig. 9. (a) Polarization hysteresis loops and (b) dielectric constant—electric field curves, of alternating heterolayered [P60/P40]y thin films with N = 2, 3 and 4.
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Fig. 10. (a) Remnant polarization (P;) and (b) effective piezoelectric coefficient (ds3¢), as a function of the number of coating layers. The lines are drawn to guide the eyes.

The effect of number of coating layers on the ferroelectric and
piezoelectric properties in the alternating heterolayered PZT thin
films is also studied and shown in Figs. 9 and 10. The values of Py, ¢,
and ds3¢ are found to increase with the number of PZT coating
layers. Namely, these parameters are 17.0 pC cm™2, 880 and
48 pm V~1; 18.6 uC cm~2, 1040 and 70 pm V—'; 21.0 pC cm—2, 1190
and 80 pm V!, for [P60/P40],, [P60/P40]3, and [P60/P40]4 thin
films, respectively. The thickness dependence of P; in the ferro-
electric films might be due to the presence of an interfacial layer
that is insulating and/or non-ferroelectric at the film—electrode
interface. For very thin films, the presence of an interfacial layer
degrades the ferroelectric performance. This layer has less effect on
the thicker films, therefore leading to an increase in domain wall
mobility, and consequently, an increase in the P; value as well. The
effect of the interfacial layer on the ¢ value can be explained by
pinning centers. In thicker films, a smaller relative volume would
be affected by the interfacial pinning centers [32]. This corresponds
to an increase in the ¢ value with increasing film thickness. More-
over, the value of the dc-bias field of the two peaks is slightly
asymmetric for either the dielectric constant and/or electric field
axes, most probably related to the asymmetry between top and
bottom interfaces. The thin-film capacitor becomes more sym-
metrical with increasing coating layer, as shown in Fig. 9(b).

Another important factor affecting the ferroelectric and piezo-
electric properties is the mechanical stress that induced from the
substrate clamping. Due to mechanical constrains imposed by the
substrate, the domain wall motion in PZT thin films is partially
clamped and resulted in a decrease in the value of P, as well as ¢
and ds3 1. On the other hand, the increase in Py, ¢ and d33 values with
increasing film thickness is directly related to the decrease in the
residual stress [33]. The influence of the heterolayered structure on
the P; and d33 values, moreover, were also investigated from the
heterolayered and multilayered films with different film thick-
nesses. Fig. 10 shows that the P; and d33 values increased with the
film thickness in all structures, however, the trend is larger than in
the heterolayered film. It is confirmed that there is an influence of
the field-induced coupling effect between the tetragonal and
rhombohedral phase layers on the properties of heterolayered film
in addition to the influence of interfacial layer at the film—electrode
interface.

4. Conclusions

Heterolayered and alternating heterolayered PZT thin films
deposited onto Pt/Ti/SiO,/Si wafers have been successfully fab-
ricated by a spin coating assisted sol—gel method. The experimental
results showed enhanced ferroelectric and piezoelectric properties

in these heterolayered and alternating heterolayered PZT thin films
compared to multilayered films. The obtained advantages might be
due to the field-induced coupling effect between the rhombohedral
and tetragonal phase layers that induces domain switching. The
improvement of electrical and mechanical properties for thicker PZT
thin films could be explained by the existence of an interfacial layer
and substrate clamping. When the film thickness increases, the
interfacial layer and substrate clamping have less effect and there-
fore lead to an increase in domain wall mobility which induces an
improvement in domain switching or polarization; as a con-
sequence, the remnant polarization, dielectric constant and piezo-
electric coefficient were found to be significantly improved.
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