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Abstract

0.95 (Na0.5Bi0.5)TiO3–0.05 BaTiO3 + 2 wt% Bi2O3 (NBT–BT3) ceramic was used as a target and NBT–BT3 thin films were deposited at room

temperature by changing the RF power from 75 W to 150 W. The thickness of the NBT–BT3 thin films increased from 203 to 478 nm as the RF

power increased from 75 W to 150 W. At 75 W RF power, the deposited NBT–BT3 thin films displayed defective surfaces, whereas at RF

power 3 100 W, the NBT–BT3 thin films displayed smooth surfaces. The grain sizes also increased with increasing RF power. In addition, the

remanent polarization and saturation polarization increased with increasing RF power. The coercive field first increased, reached a maximum at

100 W, then decreased with increasing RF power.
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1. Introduction

Nonvolatile ferroelectric random access memories have

been proposed as next generation nonvolatile memory due to

their excellent performance [1]. With the 1T1C (one transistor,

one capacitance) structure, three different methods are used to

increase the capacitance value of memory devices. The first

method is to increase the electrode area of dielectric thin films;

nevertheless, this method is not helpful because it brings an

increase of the electrode area. The second method is to reduce

the thickness of dielectric thin films, but this may lead to the

electron tunneling effect. Thus, the ideal material would be one

with a high dielectric constant and low leakage current density.

Many ferroelectric thin-film materials are used as gate oxides,

such as Pb(Zr,Ti)O3 [2,3], SrBi2Ta2O9 [4], SrTiO3 [5],

Ba(Zr,Ti)O3 [6], and (Ba,Sr)TiO3 [7]; these are being widely

studied for larger storage capacity FeRAM devices because of

their higher remanent polarization and lower coercive field.
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Sodium bismuth titanate, Na0.5Bi0.5TiO3 (NBT), is a kind of

perovskite ABO3-type ferroelectric material, discovered in

1960 [8]. NBT ceramic has been considered a strong candidate

because of its marked ferroelectricity and piezoelectricity,

excellent dielectric properties, and low loss tangent [9,10]. In

spite of the numerous studies on NBT-based ceramics,

investigations of the dielectric properties in NBT-based thin

films are still in their infancy [11,12]. In this study, we

investigated the composition of 0.95 (Na0.5Bi0.5)TiO3–0.05

BaTiO3 (NBT–BT3) thin films near the morphotropic phase

boundary (MPB), deposited at different RF powers; the

material features at the MPB usually have an extremely large

dielectric constant [13,14]. During the fabrication of bismuth-

based ferroelectric materials, excess Bi2O3 can be used to

compensate for the vaporization of Bi2O3 and thereby improve

ferroelectric properties and crystal structure [15]. Accordingly,

in the present study 2 wt% excess Bi2O3 was added to the NBT–

BT3 ceramic target to compensate for the vaporization of Bi2O3

during the deposition process. RF power was found to have

large effects on the characteristics of NBT–BT3 thin films. The

effects of RF power on the electrical characteristics of the

deposited NBT–BT3 thin films, including polarization–applied
na Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2011.05.145
mailto:cfyang@nuk.edu.tw
http://dx.doi.org/10.1016/j.ceramint.2011.05.145


Y.-H. Lin et al. / Ceramics International 37 (2011) 3765–37693766
electrical field (P–E) and leakage current density–electrical

field (J–E), are discussed in this study.

2. Experimental procedures

Na2CO3, Bi2O3, BaCO3, and TiO2, each with a purity of

399.5%, were used as starting materials. They were mixed to

achieve 0.95 (Na0.5Bi0.5)TiO3–0.05 BaTiO3 + 2 wt% Bi2O3

(NBT–BT3), and ball-milled for 5 h in deionized water. After

being dried and ground, the NBT–BT3-x powders were

calcined at 900 8C for 2 h, then ground again and mixed with

polyvinylalcohol (PVA) as a binder. The powder was uniaxially

pressed into pellets of 1 mm thickness and 12 mm diameter

using a steel die. After debindering, the pressed target was

sintered at 1200 8C for 2 h. The NBT–BT3 thin films were

deposited at room temperature and a chamber pressure of

10 mTorr in pure argon by changing the RF power from 75 W to

150 W. They were then deposited onto SiO2/p-Si(1 0 0)/Al and

Pt/Ti/SiO2/p-Si(1 0 0) substrates by RF magnetron sputtering

for both the metal–ferroelectric–insulator–semiconductor

(MFIS) and the metal–ferroelectric–metal (MFM) structures.

The surface morphologies and thicknesses of the NBT–BT3

thin films were characterized by field emission scanning

electron microscopy (FE-SEM), and their crystalline structures

were identified by X-ray diffraction (XRD). To finish the MFM

and MFIS structures, an array of circular top contacts with a

diameter of 1 mm was formed by depositing Al thin films. The
Fig. 1. Cross section of NBT–BT3 thin films under diffe

Fig. 2. Surface observations of NBT–BT3 thin films as a function of 
leakage current density-electrical field (J–E) characteristics

were measured by a semiconductor parameter analyzer (HP

4156). The remanent polarization (Pr), saturation polarization

(Ps), and coercive field (Ec) properties were measured by a

Sawyer-Tower circuit (RT66A).

3. Results and discussion

As the RF power increases, more molecules are removed

from the surface of the NBT–BT3 target and the deposition rate

increases, so the thickness of the NBT–BT3 thin films increases

with increasing RF power to 203, 256, 345, and 478 nm for RF

powers of 75, 100, 125, and 150 W, respectively (Fig. 1).

The morphologies of the NBT–BT3 thin films deposited

with various powers are shown in Fig. 2. The 75 W-deposited

NBT–BT3 thin films exhibit a rugged and rough surface. When

the RF is 3100 W, the deposited NBT–BT3 thin films are

smooth. Fig. 2 also shows the nano-crystalline structure of the

NBT–BT3 grains, whose grain size increases with increased RF

power, suggesting that the crystallization degree of the NBT–

BT3 thin films increases with increasing RF power.

Fig. 3 shows the XRD patterns of NBT–BT3 thin films under

different RF powers. At 75 W the amorphous phase and the

(1 1 0) diffraction peak coexist, while at RF 3 100 W the

amorphous phase decreases and even disappears, so only the

crystalline NBT–BT3 phase may be detected and compared to

standard JCPD cards. The crystalline peaks of all the NBT–BT3
rent RF powers (a) 75 W, (b)100 W, and (c)150 W.

deposition power (a) 75 W, (b) 100 W, (c) 125 W, and (d) 150 W.
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Fig. 3. X-ray diffraction patterns of NBT–BT3 thin films as a function of

deposition power.
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thin films are shifted to lower 2u values due to residual titanium

in the thin films, which affects the lattice constants, as reported

by Wang et al. [16].

The ferroelectric properties of the MFM structure of the

NBT–BT3 thin films were investigated using the Sawyer-Tower

circuit. The Pr, Ps, and Ec values are calculated from the

hysteresis loops of the NBT–BT3 films shown in Fig. 4. Results

in Fig. 5 indicate that the RF power affects the Pr, Ps, and Ec

values. For 75 W-deposited NBT–BT3 thin films, the Pr, Ps,

and Ec values are 2.30 mC/cm2, 8.56 mC/cm2, and 132 kV/cm.

As the RF power increases, the Pr and Ps values increase and

the Ec value initially increases, reaching a maximum when the

RF power is 100 W. In Fig. 2, the surface SEM micrographs for

the NBT–BT3 thin films deposited at 75 W show a rugged and

rough structure. At an RF power of 100 W, the roughness is

lessened and particle crystallization is observable. The Pr, Ps,

and Ec values are dominated by grain size growth and the

crystallization of the NBT–BT3 thin films. As the RF power is

equal to and then greater than 100 W, the increase in the grain

growth is the reason for the increases in the Pr and Ps values and

the decrease in the Ec value. Thus, NBT–BT3 thin films

deposited under 150 W have maximum Pr and Ps values of
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Fig. 4. P–E curves of NBT–BT3 thin films as a function of deposition power.
13.8 mC/cm2 and 19.5 mC/cm2 and a minimum Ec value of

139 kV/cm.

The leakage current behaviors of the NBT–BT3 thin films

were investigated to determine the leakage current density (J)

and electrical field (E) characteristics and the results are shown

in Fig. 6. The leakage current density of the MFIS thin films

plays an important role in alleviating the interdiffusion between

silicon and the NBT–BT3 thin films under the different

deposition parameters. Using 75 W and 100 Was the RF power,

the leakage current densities of the NBT–BT3 thin films

increases from 1 � 10�10 A/cm2 to 1 � 10�7 A/cm2 and

3 � 10�8 A/cm2 as the electrical field increases from 0 MV/

cm to 2 MV/cm. When 125 W and 150 W are used as the RF

power, the electrical field increases from 0 MV/cm to 2 MV/cm

and the leakage current densities are less than 1 � 10�8 A/cm2.

It is believed that as the RF power increases, the decreased

roughness and increased thickness produce those results.

The linear variations of leakage current densities correspond

either to the Schottky emission mechanism or to the Poole-

Frenkel emission mechanism. The current density (J) in the

Schottky emission mechanism is generated by the thermionic

effect, which is caused by electron transport across the potential
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Fig. 6. J–E curves of NBT–BT3 thin films as a function of deposition power.
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energy barrier via field-assisted lowering at a metal–insulator

interface, as given by Eq. (1) [17]:

a ¼ Bðhv � EgÞ p

hv

� �
(1)

where bs = (e3/4peoe)
1/2 and e is the electron charge, eo is the

dielectric constant of free space, and A* is the effective

Richardson constant. The current density (J) in the Poole-

Frenkel emission mechanism is due to field-enhanced thermal

excitation of trapped electrons from the insulator into the

conduction band, as given by Eq. (2) [18]:

a
1

d
ln

1

T

� �� �
(2)

where Jo = soE is the low-field current density, bPF = (e3/peoe)
1/

2, so is the low-field conductivity, cPF is the height of the trap

potential well, and T is the absolute temperature. Fig. 7 shows

the J–E characteristics with ln(J) as the vertical axis and E1/2 as

the horizontal axis. From the ln J–E1/2 curves of the NBT–BT3

thin films shown in Fig. 7, it can be determined that the leakage

current density is linearly related to the square root of the

applied electric field.

The experimental results in Fig. 7 indicate that the 75 W-

and 100 W-deposited NBT–BT3 thin films exhibit the Poole-

Frenkel emission mechanism under the low electric field of

0�140 kV/cm (E1/2 = 0–12 (kV/cm)1/2). This means that the

carriers are transported through the NBT–BT3 thin films by the

field-enhanced Poole-Frenkel emission mechanism in the low

electrical field region. Fig. 7 also shows 75 W- and 100 W-

deposited NBT–BT3 thin films exhibiting the Schottky

emission mechanism, as the electrical field is >230 kV/cm

(E1/2 > 15 (kV/cm)1/2). For the 125 W- and 150 W-deposited

NBT–BT3 thin films, the ln J–E1/2 curves are dominated by the

Schottky emission mechanism. Comparing the different curves

in Fig. 7 shows that the all NBT–BT3 thin films in the high

electrical field region have the same slopes. These results also

prove that the ln J–E1/2 curves are dominated by the Schottky

emission mechanism, and the leakage current densities of the
NBT–BT3 thin films are mainly caused by electron transport

across the potential energy barrier. The decrease in leakage

current density with increasing RF power occurs because as the

RF power increases the defects on the surfaces of the NBT–BT3

thin films decrease.

4. Conclusions

The influences of RF power on the characteristics of NBT–

BT3 thin films were explored. For the as-deposited NBT–BT3

thin films, the grain sizes increased with increasing RF power.

In the leakage current density versus electrical field (J–E)

curves, the leakage current density decreased with increasing

RF power, reaching a saturation value when the RF power was

125 W. As the RF power increased, the Pr and Ps values

increased and the Ec value increased to a maximum when the

RF power was 100 W. The NBT–BT3 thin films deposited

under 150 W had maximum Pr and Ps values of 13.8 mC/cm2

and 19.5 mC/cm2 and the minimum Ec value was 139 kV/cm.

Thus, it was demonstrated that RF power plays an important

role in affecting the characteristics of NBT–BT3 thin films.
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