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bstract

aTiO3 films were prepared by radio frequency sputtering on the LaNiO3/Si substrates and then annealed at different temperatures. The films
xhibit a highly (1 0 0)-oriented structure and their grain size range from 14 to 55 nm after annealing. Polarization-reversal characteristics for
ifferent BaTiO3 films were measured. The results show that while obvious ferroelectricity is obtained for films with grain size larger than 22 nm,

weak ferroelectricity is still observed in BaTiO3 film of 14 nm grains, indicating that if a critical grain size exists for ferroelectricity it is less than
4 nm for polycrystalline BaTiO3 on LaNiO3/Si. The suppression of macroscopic ferroelectricity for BaTiO3 with finest grain size and the grain
ize dependence of remnant polarization and coercive field are also discussed in detail.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Perovskite BaTiO3 (BTO) ceramics have been extensively
tudied due not only to their excellent electrical proper-
ies and other associated effects but also to their lead-free
haracteristics.1 In recent years BTO thin films have received
uch attention with the development of microelectronics and

ntegrated optics technologies.2 With downsizing one dimen-
ion to nano-scale or submicron, however, the thin films exhibit
ore or less deviations in structure and properties as com-

ared to their bulk or single crystal counterparts.3,4 In addition,
or device applications, conducting electrodes are required to
xplore the ferroelectric properties of the thin films. Meanwhile,
any efforts have been made to form a BTO thin film on Si

ubstrates buffered with a conductive layer. Metal films such
s Pt or Pt/Ti are most often used as bottom electrodes due

o their excellent conductive characterizations. However, com-
ared to the metallic electrodes, the perovskite-related metallic
xide electrodes, such as La0.5Sr0.5CoO3, SrRuO3 and LaNiO3
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ave been found to lead to a great improvement of the fatigue
nd aging of ferroelectric memories,5,6 which is unavoidable
ith the metallic electrodes. Among those oxide electrodes, the
aNiO3 (LNO) thin film has been developed as a promising
etal oxide electrode, due to its simple chemical composition,

referential growth with (1 0 0) orientation and its little lattice
ismatch with ferroelectric materials.
On the other hand, it is known that both microstructure and

roperties of ferroelectric films are dependent greatly on buffer
ayers and fabrication processes.7–10 The extrinsic parameters
re also assumed to be responsible for variations in microstruc-
ure dependence of ferroelectricty, and might be the reason for

broad dispersion in some data such as critical size below
hich ferroelectricity is eradicated. For example, in the last two
ecades, there had been a variety of different experimental criti-
al thickness for epitaxial ferroelectric thin films.11–16 However,
ecent theoretical and experimental studies have implied that
here is no intrinsic thickness limit for ferroelectricity in thin
lms with thickness down to even several unit cells.17,18 While
or ferroelectric polycrystalline films, nano-particles, or nano-

eramics, there is still no unambiguous conclusion that if there
xists a critical grain size responsible for the disappearance of
he macroscopic ferroelectricity. Meanwhile, the experimental
tudies on the grain size dependence of ferroelectricity for the
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cating that the BTO films remain an amorphous structure at
the temperature. When the annealing temperature is increased
to 500 ◦C, a broadened (2 0 0) peak ascribed to the BTO start
to appear. With further increasing the annealing temperature,
996 L. Qiao, X. Bi / Journal of the Europe

TO thin films onto the LNO buffered Si substrates are still rare
n the literature. In this work, BTO films with same thicknesses
ere annealed at different temperatures, transmission electron
icroscopy (TEM) has been used to obtain the morphology and

rain size of the BTO films. The ferroelectric properties for dif-
erent films were measured and their grain size dependence were
lso investigated and discussed.

. Experimental

Ferroelectric BTO thin films and conductive LNO buffer
ayers were fabricated in a multi-targets radio frequency (rf)
puttering system on (1 0 0) Si substrates. The LNO target was
repared by the conventional ceramic powder processing with
anthanum oxide and nickel(III) oxide as starting materials. The
NO buffer layers of 200 nm were deposited directly on (1 0 0)
ilicon substrate at 600 ◦C. In order to avoid the oxygen loss for
he oxides films, mixed atmosphere of argon and oxygen was
ntroduced (2 Pa:2 Pa for LNO films and 3 Pa:1 Pa for BTO films)
uring the deposition process. The ferroelectric BTO thin films
f 200 nm were subsequently deposited onto the LNO buffer
ayers at room temperature. The as-deposited films were then
nnealed in an open-air atmosphere with different temperatures
anging from 400 to 800 ◦C for 2 h in order to obtain different
rain size.

The structure and crystal orientation of the films were char-
cterized by θ–2θ scans of Cu K� X-ray diffraction (XRD,
/max2200PC, Rigaku). Surface morphology of the films was
bserved by atomic force microscopy (AFM, SPI 3800N,
EIKO). Interface structures were observed by field-emission
canning electron microscopy (FESEM, HTACHI S4500). Film
hicknesses were measured by DektakII profiler and calibrated
y FESEM images. The grain size of the BTO films were
stimated from transmission electron microscopy (TEM, JEOL
100F) images and the film orientation was also characterized
y the corresponding electron diffraction pattern. The electri-
al properties were determined by a metal–ferroelectric–metal
MFM) structure. Ferroelectric properties of the films were
nvestigated using standard Sawyer-Tower circuit by TF ana-
yzer 2000 measurement system (aixACCT, Germany).

. Results and discussion

Fig. 1 presents the XRD pattern of the LNO buffer layer
eposited on Si substrate, along with its surface morphology
inset of the figure) observed by AFM. It can be seen that the
s-deposited LNO film exhibits a crystalline phase with a high
1 0 0) orientation. The AFM morphology shows that the film is
ense and uniform, with the average grain size of 20–30 nm. The
esistivity of the films measured by four-probe testing system is
s low as 8.4 × 10−4 � cm at room temperature, indicating that
he LNO films can be used as an electrode. BTO films were
hen deposited on the LNO buffered Si at room temperature.

ig. 2(a) shows the XRD patterns of the BTO films annealed at
everal different temperatures. When the annealing temperature
s 400 ◦C, only (1 0 0) and (2 0 0) peaks for LNO can be observed
nd no any other peaks related with BTO can be identified, indi-

F
r

ig. 1. XRD pattern of the LNO thin film deposited on Si substrate. The inset
s an AFM surface morphology.
ig. 2. (a) XRD patterns of the BTO films annealed at different temperatures
anging from 400 to 800 ◦C and (b) magnified view of XRD patterns in (a).
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he peaks become much sharper and are gradually intensified.
rom the results, it can be obtained that the BTO films start to
rystallize at 500 ◦C from the amorphous phase and grow into
(1 0 0) preferred orientation on the LNO (1 0 0) buffered Si

ubstrates as the annealing temperatures increase. As we had
ointed out,19,20 the (1 0 0) preferred orientation for the BTO
lms is attributed to the (1 0 0)-oriented LNO seed layer due to

he little lattice mismatch (3.75%) between (0 0 1) [1 0 0] LNO
nd (0 0 1) [1 0 0] BTO lattice. From the magnified view of XRD
atterns in Fig. 2(b), the lattice constants as well as strain states
or both BTO and LNO layers can also be extracted. As can
e seen, the (0 0 2) peaks for all the LNO layers are positioned
t the same diffraction angel, indicating the LNO films possess
ame lattice constant, which is calculated to be 3.91 Å. Com-
ared with that of bulk LNO (3.84 Å), the larger value reveals
hat LNO films are under tensile strain state, due to large dif-
erence in thermal expansion coefficients (TECs) between LNO
nderlayer (8.2 × 10−6 K−1) and Si substrate (1.4 × 10−6 K−1).

n the other hand, compared with the 2θ peak position of bulk
TO (red dashed lines), these BTO (0 0 2) 2θ diffraction peaks
re shifted to higher angles, indicating a decrease in the out-
f-plane lattice constants and an increase in the in-plane lattice

fi
i
t
n

ig. 3. Plan-view TEM images of the BTO film annealed at different temperatures
iffraction arc for the 800 ◦C-annealed film.
ramic Society 29 (2009) 1995–2001 1997

onstants in the BTO films. Since the LNO layer is very thin
ompared with Si, so the shift is suggested to be the result of
he thermal strain induced during the cooling process caused by
he difference of TECs between BTO layer (10.4 × 10−6 K−1)
nd Si substrate.21 This corresponds well with the experimen-
al result that BTO tends to form an in-plane tensile strain state
hen incorporated with Si substrate.21,22 Nevertheless, as the

0 0 2) peaks for all the BTO layers are almost at the same posi-
ion (blue dashed lines), so the BTO layers are also under same
train state in spite of different annealing temperature.

Microstructures for the annealed films were characterized by
lan-view TEM observations, as shown in Fig. 3(a)–(d). It is
learly seen that the films annealed at temperatures ≥500 ◦C
re crystallized and featured as uniform and cracks-free. The
rain size is increased with increasing the annealing tempera-
ures, changing from 14 to 55 nm in diameter, as summarized
n Table 1. It is noted that the BTO films in this work exhibit

uch smaller grain sizes as compared to other reported BTO

lms.23,24 The difference is considered to be the result of the

nfluence of microstructure of the LNO buffer layer. It is known
hat grain size for a newly formed crystal is dependent on the
ucleation rate and the growth rate, respectively. In this work, the

: (a) 500 ◦C, (b) 600 ◦C, (c) 700 ◦C and (d) 800 ◦C. The inset is the electron
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Table 1
Effect of annealing temperatures on the grain size for the BaTiO3 films.

Annealing temperature (◦C) Average grain size (nm)

500 14
600 20–25
7
8
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00 30–40
00 50–60

NO buffer layer with very fine grain size of 20–30 nm was used
s seed layers for the ferroelectric BTO films. The grain bound-
ries in the LNO buffer layers will act as nucleation sites for the
rystallization of the BTO films during the annealing processes.
he smaller grain size of the LNO film leads to more nucleation
ites for the crystallization of BTO films and, as a result, the BTO

lms grow into a microstructure characterized by fine and uni-
orm grains. In order to investigate the preferential orientation
f the BTO films with nano-scaled grains, an electron diffrac-
ion pattern was observed with a tilt angle of 20◦ between the

a
g
i
a

ig. 4. AFM surface morphologies for BTO films annealed at (a) 400 ◦C, (b) 500 ◦C
00 ◦C.
ramic Society 29 (2009) 1995–2001

lectron beam direction and the film normal (Si [0 0 1]) direc-
ion. The inset of Fig. 3(d) shows the electron diffraction pattern
or the 800 ◦C-annealed film. The pattern is characterized by arc
hapes. According to Tang et al.’s explanation25,26 the appear-
nce of the arc shape pattern demonstrates the existence of a
referred [0 0 1] fiber-texture, which also agrees with the pre-
ious XRD results (in Fig. 2) that the BTO films annealed at
00 ◦C have a strong (0 0 1) orientation. The arc-shaped pattern
as been also observed in other films after annealing at tempera-
ures ≥500 ◦C. Therefore, the sharper and intensified peak with
igher annealing temperatures observed in the XRD profiles is
scribed mainly to the grain growth in the BTO films.

The surface morphologies of BTO films annealed at different
emperatures had also been analyzed by AFM observations, as
hown in Fig. 4(a)–(c). The 400 ◦C-annealed BTO film exhibits

n amorphous structure without the formation of any distinct
rains on the surface and increasing annealing temperature will
ncrease the BTO grain size, which agrees well with the XRD
nd TEM results. With increasing the annealing temperature, the

and (c) 800 ◦C. (d) The interface structure of BTO/LNO bi-layer annealed at
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ferroelectric character in the 14 nm BTO film, which may arise
from either the frozen domain structure under an external field
by grain boundary effects, such as the clamping of the domain
walls and the hindrance of polarization switching, or the depolar-
Fig. 5. Hysteresis loops of the BTO film

oot mean square (RMS) value of BTO surface roughness is also
ncreased, from RMS = 4.85 nm at 400 ◦C to RMS = 10.49 nm at
00 ◦C. Fig. 4(d) shows the interface structure of BTO/LNO bi-
ayer annealed at 800 ◦C. It seems that the high temperature
nnealing does not result in severe interdiffusion between the
wo layers as their interface is still obvious and sharp.

Room temperature ferroelectric hysteresis loops of the
TO films annealed at different temperatures are described

n Fig. 5(a)–(d) . As can be seen, for BTO films annealed
t 600 ◦C and above, obvious hysteretic shape of polarization
s. electric field (P–E) curves are obtained. With increasing
he annealing temperature, the P–E hysteresis loop starts to
ecome much more erect and saturated, showing a typical fer-
oelectric characterization. The obtained remnant polarization
Pr) for 800 ◦C-annealed BTO is 2.0 �C/cm2, similar to the
alues of other polycrystalline BTO films, e.g. 2.0 �C/cm2 on
t/Ti/TiOx/Si by Thomas et al.27 and 1.0 �C/cm2 on Pt/SiO2/Si
y Huang et al.3 However, compared with the value for BTO
ingle crystal (24 �C/cm2) or other epitaxial BTO films,28,29

he Pr is still much lower, probably due to fine grain size and
he formation of in-plane tensile strain state on the Si substrate,
s had been obtained by the XRD analysis. On the other hand,

or BTO film with the finest grain size of 14 nm (annealed at
00 ◦C), it still exhibits some hysteresis characteristics with Pr
0.08 �C/cm2, although it is not obvious and shows almost lin-

ar dependence of P(E). This corresponds well with the recently
F
c

er annealing at different temperatures.

eported experimental results that the ferroelectricity does exist
n nanocrystalline BTO ceramics with ultra fine grain size of
0 nm,1 22 nm,30 and even 8 nm.31 However, the significantly
educed Pr is indicative of a strong suppression of macroscopic
ig. 6. Annealing temperature dependence of the remnant polarization and
oercive field for the BTO films.
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zation field originated by the low permittivity nonferroelectric
rain boundaries.30 Besides, the low crystallinity of 500 ◦C-
nnealed BTO is also a possible reason for the obtained low Pr.
n the other hand, it should be noted that from XRD patterns

or the BTO films, the separation of diffraction peaks (2 0 0) and
0 0 2) was not observed for all the annealed films. Meanwhile,
he ferroelectricity is known to be attributed to the formation of
etragonal structure in materials. Thus, the different properties
or the BTO thin films annealed at different temperatures sug-
ests that a pseudocubic structure be formed in the BTO films
aving a larger grain size. The idea of the pseudocubic phase
s based on a core–shell grain model in which individual grains
onsist of a cubic shell and a tetragonal grain interior.32 Internal
trains in tetragonal structure caused by the formation of nano-
cale grains are believed to be responsible for its change to the
o-called pseudocubic phase.33,34 It can be considered that the
bvious ferroelectricity observed in this work for the films after
nnealing at or above 600 ◦C is attributed to the formation of the
seudocubic phase, while the strong restrained ferroelectricity
or the film annealed at 500 ◦C is due to the suppression of the
etragonal core caused by the smaller grain size.

To further study the change of the ferroelectricity with dif-
erent grain size, Fig. 6 plots the remnant polarization (Pr) and
oercive field (Ec) of the BTO films as a function of annealing
emperatures. As the annealing temperature increases, the rem-
ant polarization increases while the coercive field decreases.
ince all the films have the same film thickness and the same

n-plane tensile strain state, their grain size is then responsible
olely for their different ferroelectric behaviors. Theoretical cal-
ulations have demonstrated that the density of 90◦ domain walls
s inversely proportional to the square root of the grain size.35

t means that the density of domain walls is increased with the
ecrease of annealing temperature, and consequently a distance
ependent repulsive force between neighboring domain walls is
nhanced. This leads to a reduction of the mobility for domain
alls and more difficulty in domain orientation, resulting in the

eduction of Pr and the increase of Ec.

. Conclusions

In this work, ferroelectric BTO films were fabricated at room
emperature by rf magnetron sputtering onto LNO buffered Si
ubstrates. Post-annealings were then carried out at temperatures
f 400–800 ◦C to obtained different grain size. It is found that
he as-deposited BTO films are crystallized when the annealing
emperature is higher than 500 ◦C and the crystallized BTO films
xhibit a highly (1 0 0)-oriented texture. Ferroelectric measure-
ent shows that although obvious ferroelectricity is observed

or the films after annealing at temperatures ≥600 ◦C, how-
ver, a weak ferroelectricity is still obtained in 500 ◦C-annealed
TO. In combination with the XRD and TEM observations,

t is suggested that a pseudocubic structure be formed in the
TO films when have large grain size around 20 nm. It has

een also revealed that the Pr is reduced while Ec is increased
or the BTO films as the grain size is decreased, which is dis-
ussed in terms of the change of density of domain walls in the
lms.
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