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The ferroelectric hysteresis and the scaling relations of hysteresis area hAi against field

amplitude E and frequency f in Pb(Zr0.53Ti0.47)O3 thin films using platinum and LaNiO3 (LNO)

as both bottom and top electrodes were systematically investigated. Interestingly, it was found

that the influence of top electrodes is dominant in affecting the scaling behavior of the dynamic

hysteresis, which may be the result of the asymmetric interface structure deriving from the

differences in conductivity and crystallization of the top and bottom LNO electrodes. The bottom

electrodes affect the scaling behavior slightly via influencing the micro-structural and level of

space charge. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867506]

Considering their superior ferroelectric and piezoelectric

properties, lead zirconate titanate (PZT) thin films have been

extensively investigated for applications in nonvolatile

random access memory devices. The problem of dynamic

hysteresis, disclosed by a so-called scaling power law, is of

special importance for this application since the dynamic

response of hysteresis can provide a lot of critical informa-

tion from both academic and commercial viewpoints.1–3 The

power law of hAi / f aEb (where hAi is hysteresis area, E is

the amplitude of electric field, f is frequency, and a as well

as b are scaling exponents that depend on the dimensionality

and symmetry of the system) have been conducted theoreti-

cally for ferromagnetic and ferroelectric by Rao et al. and

the scaling exponents a and b were �1 and 2, respectively,

in terms of the three-dimensional ðU2Þ2 and ðU2Þ3 models.4

However, there is dramatically variance for the exponent

values derived from some experimental investigations

carried out in both bulk ceramics and thin films to that from

theoretical predictions4–12 (as listed in Table I). Moreover,

unlike their bulk counterparts, ferroelectric thin films are

normally grown on substrate and the electrodes are prepared

on both sides of the ferroelectric thin films to form the capac-

itor structure, which brings the thin films extra stress and

interface effect. Consequently, a significant amount of

research has been devoted to understand the effects of the

interface structure on the ferroelectric and fatigue properties

in PZT thin films over the past years. The interface effect

may explain the different dynamic scaling behavior of the

thin films with different electrode configurations. It has

been extensively reported that the interface structure dramat-

ically affects the properties, including the ferroelectric hys-

teresis, of PZT thin films because of their different built-in

electric field,13 imprinted polarization,14 Schottky contact

barrier,15 charge accumulation and injection near the

electrode interface and interface ferroelectricity.16

Unfortunately, the effect of interface structure as well as the

electrode configuration on the dynamic scaling behavior

was rarely investigated in the thin films prepared with differ-

ent top and bottom electrodes. It is thus the aim of the pres-

ent investigation to experimentally study the effect of

both top and bottom electrodes on the dynamic hysteresis

behavior for the Pb(Zr0.53Ti0.47)O3 thin films with different

capacitor structures of Pt/PZT/Pt/Si, LNO/PZT/Pt/Si,

LNO/PZT/LNO/Si, and Pt/PZT/LNO/Si.

Silicon substrate is coated with SiO2 (3000 Å) passiva-

tion layer and a thin TiOx (10 nm) layer is deposited between

SiO2 and Pt bottom electrode. The LNO bottom electrode

which was in situ deposited on SiO2/Si at 450 �C and

post-annealed at 700 �C in air like Pt bottom electrode,21

which improves the crystallization and interface structure

between PZT and both Pt and LNO bottom electrodes.

Pb(Zr0.53Ti0.47)O3 thin films with a thickness of 960 nm were

deposited by r.f. magnetron sputtering method with a r.f.

power density of 2.36 W/cm2 under a pressure of 10�2 milli-

bars in argon atmosphere. The films were deposited without

heating substrate, and post-annealing process at 625 �C for

1 h was adopted to transform the films from amorphous to

perovskite phase. The detailed information of the preparation

of PZT thin films was introduced elsewhere.17 Both Pt and

LNO top electrodes with a diameter of 150 lm were fabri-

cated via magnetron sputtering method to form the different

capacitor structures of Pt/PZT/Pt/Si, LNO/PZT/Pt/Si,

LNO/PZT/LNO/Si, and Pt/PZT/LNO/Si (denoted as S1, S2,

S3, and S4, respectively). The polarization-electric field

(P-E) hysteresis loops at various frequency (f) ranging from

1 Hz to 1 kHz and field amplitude (E) values varying from

40 kV/cm to 240 kV/cm at room temperature were measured

using an aixACT TF 2000 analyzer (aixACT Systems

GmbH, Aachen, Germany). The hysteresis loop area hAi
was calculated by integrating the area bounded by the P-Ea)Electronic mail: genshuiwang@mail.sic.ac.cn
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loops. The crystal quality and micro-structure of the PZT

thin films with different electrode configurations were inves-

tigated by X-ray diffraction (XRD) analysis (Siemens D5000

diffractometer) and scanning electronic microscope (SEM)

Hitachi S4700 (Hitachi, �Etats-Unis, TX).

Unlike LNO bottom electrodes, LNO top electrodes

were deposited without heating the substrate and annealed at

much lower temperature of 500 �C, which is enough for the

Pt metal top electrode while insufficient for crystallization

quality and conductivity improvement of LNO top electrode.

Figure 1 shows structural properties of LNO electrodes (top

and bottom). As shown in Fig. 1(a) and its inset, the LNO

bottom electrode is highly (100)-orientated and grain size

less than 100 nm has resistivity of 4.5� 10�6 X/m, whereas

LNO top electrode is randomly oriented with grain size more

than 100 nm and resistivity of 8� 10�6 X/m. As demon-

strated in Fig. 1(b), whatever the bottom electrode, PZT thin

film is pure perovskite phase without any second peaks such

as parasitic pyrochlore phase. However, the PZT film depos-

ited on LNO bottom electrode is (100)-orientated, while the

one on Pt electrode shows random orientation. Figs. 1(c) and

1(d) show STEM images of PZT/Pt/Si and PZT/LNO/Si

films, respectively. The PZT thin film deposited on LNO bot-

tom electrode possesses grain size ranging from 80 to

200 nm, whereas the film on Pt bottom electrode shows

bulk-like grains larger than 1 lm. The cross-section samples

with all four kinds of electrodes configuration were obtained

by FIB method, observed by STEM and analyzed by Energy

Dispersive X-ray (EDX). As exhibited by the insets of Figs.

1(c) and 1(d), the use of LNO as bottom electrode is of great

advantage in terms of diffusion barrier. Indeed, the interface

between PZT and bottom LNO is very smooth and sharp

whereas there is an inter-diffusion zone between bottom Pt

and PZT. A thin Pb-Pt type intermetallic layer with a thick-

ness of about 20 nm was determined between Pt bottom elec-

trode and PZT layer. Also into the Pt bottom electrode, �3%

(atomic concentration) of Pb atoms was present. The diffusion

of Pb is exacerbated by heat treatments and no diffusion was

found either between PZT and Pt top electrode or between

PZT and LNO. Interestingly, previous works devoted to size

effect and ferroelectric fatigue in PZT thin films revealed that

the nature of top electrode had dominated influence in terms

of dielectric and electrostatic properties of the whole interface

(including both top and bottom interfaces) which were deter-

mined as key factors in size effect and ferroelectric fatigue.23

The results of these experimental and modeling studies

revealed that considering the serial capacitance model, LNO

top electrode promotes a relatively high and charge-free inter-

face capacitance whereas Pt top electrode induces a low inter-

face capacitance with a built-in potential.

The polarization–electric field (P–E) loops of PZT thin

films with different electrode configurations were presented

in Fig. 2. The different interface structure affects the ferro-

electric properties dramatically in terms of coercive field Ec.

It is clearly noticeable that top electrode is dominant factor

in influencing the ferroelectric properties. Whatever the

nature of bottom electrode (Pt or LNO), the thin films show

much lower coercive field when LNO is adopted as top elec-

trode as shown in the inset (a) of Fig. 2. The P-E loops of

PZT thin films show drastically different asymmetry with

regard to residual polarization Pr and coercive field Ec for

the different capacitor configurations. As shown in the inset

(b) of Fig. 2, PZT thin films with LNO top electrode which

suffered different processing temperature from that of

FIG. 1. The XRD patterns of (a) the LNO electrode and (b) the PZT thin

films deposited on different bottom electrodes, inset in Fig. 1(a) shows the

surface morphologies of LNO bottom electrodes. Surface and cross-section

(insets) SEM photographs of the PZT thin films deposited on (c) LNO and

(d) Pt bottom electrode.

FIG. 2. Polarization loops of 960 nm thickness PZT films with different

interface configurations. The insets show (a) values and the (b) asymmetry

of coercive field and residual polarization of the films with different elec-

trode configurations, respectively.

TABLE I. Dynamic scaling exponents for different systems.

System a b References

ðU2Þ2 and ðU2Þ3 models �1 2 4

YBa2Cu3O7 (YBCO)/PZT/YBCO high f �1/3 1 5

Low f 1/3 2/3

Pt/SrBi2Ta2O9/Pt high f �1/3 2 6

Low f 2/3 2/3

Hard PZT low E �0.43 3.19 8

Bulk ceramic high E �0.28 0.89

Soft PZT low E �1/3 3 9

Bulk ceramic high E �0.25 1

092904-2 Li et al. Appl. Phys. Lett. 104, 092904 (2014)



bottom electrode18 demonstrate larger dissymmetry for both

residual polarization Pr and coercive field Ec no matter what

kind of bottom electrode is adopted and the orientation of

the films, which may be stemmed from the different internal

bias field and depolarization field due to asymmetric carrier

compensation.19,20 These results imply that the interface

structure between top electrode and the PZT thin films is a

very important factor in influencing the ferroelectric proper-

ties of the films.18

Fig. 3 shows the evolution of dynamic hysteresis area

hAi as a function of frequency f in PZT thin films with differ-

ent capacitor structures at electric fields of (a) 40 kV/cm and

(b) 200 kV/cm. Interestingly, it is found that the hysteresis

area shows different evolutions with both the electric field

amplitude and capacitor configurations. As shown in

Fig. 3(a), the dynamic hysteresis area hAi monotonously

decreases for all the films with increasing frequency (f)
because parts of domain reversal cannot catch up with the

varying of electric field and hence the consumed energy

decreases, while hysteresis area hAi of the films with LNO as

top electrodes is larger, which may be attributed to their

lower coercive field than that of the films with Pt as top elec-

trode as indicated in the ferroelectric analysis so that the

larger number of nucleation and reversal domains. Moreover,

hysteresis area hAi of the films with top electrodes of LNO

decreases more slowly with frequency. For the films with

LNO as top electrodes, the number of nucleation domains is

much larger because of their lower coercive field which

makes the domain reversal easier, and hence the energy con-

suming of the domain reversal (i.e., hAi) decreases.22 The

dynamic hysteresis area as a function of frequency for the films

with saturated loops at 20 V is demonstrated in Fig. 3(b). The

hysteresis area hAi of the films with top electrodes of Pt show

monotonous increasing trend with frequency increasing from

1 Hz to 1 kHz and similar scaling exponents to that reported by

Zhang in 0.67Pb(Mg1/3Nb2/3)O3–0.33PbTiO3 (PMN-PT) bulk

ceramics,22 which may be stemmed from their symmetrical

interface effect on the dynamic hysteresis loops and thus analo-

gous behavior in comparison to the bulk material as testified

in the ferroelectric analysis. Strangely, PZT thin films with

LNO top electrodes show different evolution of dynamic

hysteresis area against the frequency, that is the area hAi first

decreases rapidly while then decays more slowly with further

increasing frequency. Compared with the scaling behavior of

PZT thin films with Pt as top electrodes, these different

behaviors may be attributed to the competition between the

period of field (f�1) and the time of domain reversal (s)

because of the poor crystallization of LNO top electrodes

and potential ohmic nature of the interface structure between

the PZT film and LNO top electrode, while Schottky type

between PZT and Pt top electrode. The different interface

structures between PZT and bottom electrode in the films

with top LNO electrode show weak effect on the dynamic

hysteresis behavior in the frequency ranging from 1 Hz to

1 KHz via influencing the different micro-structure and ori-

entation of the films.

Fig. 4 shows the scaling behavior of hysteresis area hAi
as a function of electric field E in the PZT thin films possess-

ing different capacitor structures with a fixing frequency of 1

kHz at electric fields ranging from 40 to 250 kV/cm. Two

perfect linear relations were identified for PZT thin films

with Pt as top electrodes. The dynamic hysteresis area first

FIG. 3. The hysteresis area hAi as a function of frequency f of the films with

different interface configurations tested at (a) 4 V and (b) 20 V.

FIG. 4. The hysteresis area hAi as a function of electric field E of the films

with (a) Pt and (b) LNO as top electrodes.

092904-3 Li et al. Appl. Phys. Lett. 104, 092904 (2014)



increases very rapidly at lower electric field than 83 kV/cm,

which is very near to their coercive electric field, and then

increases more slowly with further increased electric field.

These results reveal that the mass ferroelectric domains can

be easily reversed under low electric field, while defect and

space charge accumulated at the interface between Pt top

electrode and PZT films23 may clamp domains and increase

the electric field to switch the domains. At the same time, the

exponent b values representing the ability of domains

following the electric field direction were determined to be

(3.584, 0.856) and (3.74, 0.865) in the films with Pt and

LNO as bottom electrodes for these two stages, respectively.

Moreover, the exponents of the scaling relations at both low

and high electric field are very close to those in hard, soft

PZT and PMNT ceramics,8,9,22 which further validate the

assumption proposed in the analysis of hysteresis area hAi
against frequency. Similar to the trend observed in last part,

the films with LNO top electrode show different evolution of

hysteresis area as a function of electric field in that the area

hAi increases monotonously with the electric field increasing

from 40 kV/cm to 250 kV/cm, which may be the result of the

less space charge and defect accumulation in the interface

between LNO and PZT films. The slightly difference in the

scaling exponents may be due to the different crystallo-

graphic anisotropy of the films prepared on different bottom

electrodes. The PZT films deposited on LNO and Pt bottom

electrodes are (100) and randomly oriented and the domain

reversal in the former may be more difficult.23

To quantitatively descript the effect of the electrode

configurations on the dynamic hysteresis of the thin films,

we investigate the scaling behaviors of hAi against E, f.
Based on the data analyzed above, the fitting results are

shown in Fig. 5 for the films possessing different electrode

configurations with saturated loops and the dynamic scaling

behavior can be described by the following relations within

the measured uncertainty:

hAi / f 0:0304E0:856 for S1; hAi / f�0:023E1:527 for S2;

hAi / f�0:007E0:872 for S3; hAi / f 0:0265E0:864 for S4:
(1)

Interestingly, the films with Pt as top electrodes (S1 and S4)

show similar scaling exponents of a and b, while the films

with LNO as top electrodes (S2 and S3) exhibit analogical

scaling behavior. These results indicate that the bottom elec-

trode and the orientation of the PZT thin films don’t affect

the dynamic scaling behavior dramatically while the top

electrodes as well as interface between them and PZT thin

films are the major factors in affecting the scaling behavior,

which can be attributed to the different conductivity and

crystallization of the Pt and LNO top electrodes post

annealed at 500 �C. Moreover, the scaling exponents change

slightly with different kind of bottom electrodes for the films

for a given top electrode (LNO or Pt), which may be the

result of the different orientation of the thin films and the

different level of space charge.

Pb(Zr0.53Ti0.47)O3 thin films using platinum and LNO as

both bottom and top electrodes were deposited via magne-

tron sputtering method. The ferroelectric hysteresis and the

scaling relations of hysteresis area hAi against frequency

f and field amplitude E for the saturated loops in these

capacitors and the effects of top as well as bottom electrodes

on these properties were investigated systematically.

Interestingly, it was found that the influence of top electrodes

is dominant compared to the bottom electrodes in affecting

the scaling behavior of the dynamic hysteresis, which may

be attributed to the different conductivity and crystallization

of the different top electrodes annealed at the same while

much lower temperature than that of bottom electrodes. The

FIG. 5. Scaling plots of hysteresis

area hAi against E and f for the PZT

thin films with different interface

configurations.
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bottom electrodes affect the scaling behavior slightly via

influencing the orientation and level of space charge.
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