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bstract

toichiometric thin films were deposited by rf-magnetron sputtering from a BaTiO3 ceramic target on Pd foils used as substrates. Polycrystalline
aTiO3 films with different grain sizes were obtained by post-deposition heat treatment in air, at 900 ◦C for 8 h. A multi-step deposition–annealing

echnique was used in order to improve the compactness and therefore, the dielectric behaviour.
The structural characteristics and the surface topography varied obviously with both films thickness and deposition–annealing procedure. X-ray

iffraction data pointed out that the so-called “pseudocubic” phase, generally reported for such fine-grained thin films, does not involve only a

ighly distorted unit cell, but consists obviously, in our case, from a mixture of crystalline phases, with tetragonal and cubic symmetry, respectively.

The dielectric properties (relative permittivity and loss tangent) showed small frequency dispersion. The BaTiO3 film of 0.6 �m thickness
btained by four deposition–annealing cycles exhibited a dielectric constant of ∼700 and a dissipation factor of 0.06 at 100 kHz.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Barium titanate is one of the most widely studied ferroelectric
aterials due to its many potential useful properties. Particularly,
aTiO3-based thin films have received much attention in recent
ears for their numerous applications in microelectronics and
ntegrated optics technologies, ranging from buffer layers for the
ntegration of high-temperature superconductors and voltage-
unable microwave filters, to pyroelectric imaging arrays and

ultifunctional highly integrated CMOS-based devices, such as
onvolatile random access memories (NVRAM) and dynamic
andom access memories (DRAM).1–4 Thin film ferroelectric
evices offer several advantages over their bulk counterparts,

uch as lower driving voltages, higher speed and the potential
or monolithic integration with Si.

∗ Corresponding author. Tel.: +40 21 4023848; fax: +40 21 3181010.
E-mail address: a.ianculescu@rdslink.ro (A. Ianculescu).
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Beside the large variation in the reported values of the thin
lms dielectric permittivity caused by the different deposition

echniques and processing parameters used, other problems con-
erning deviations of structural and electrical properties from
hose of bulk ceramics have been noticed. Thus, many authors5–7

ointed out the so-called “crystal size effect”, which determines
iffuse ferroelectric–paraelectric phase transition in fine-grained
aTiO3 films, irrespective of the processing route. In an attempt

o understand the electrical behaviour, we carried out earlier8

structural analysis of such fine-grained BaTiO3 thin films
eposited by rf-sputtering.

Taking into account that a major barrier in the widespread
se of these films in a number of high-frequency applications
s their high leakage currents determined by structural defects
s grain boundaries and oxygen vacancies, several approaches
ncluding the introducing of intermediate oxygen relaxation or

f thin epitaxial intermediate layers were also proposed.9

In this work, we try to emphasize the influence of both thick-
ess and deposition–annealing procedure on the structure of the
aTiO3 films and to correlate these structural parameters with

mailto:a.ianculescu@rdslink.ro
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.043
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he dielectric properties. We proposed here a multi-step depo-
ition technique, in order to improve the dielectric behaviour,
specially from the point of view of both dielectric losses and
unability.

. Experimental

.1. Samples preparation

BaTiO3 thin films of 0.6 and 1 �m thicknesses were deposited
y rf-magnetron sputtering technique from a hot pressed BaTiO3
eramic target onto Pd foils used as substrates. The sputter-
ng atmosphere was pure argon maintained at pressures ranged
etween 0.4 and 1 Pa. The substrate holder was heated to a
emperature of 300 ◦C. Under the above conditions, the depo-
ition rate was more important in the central part of the dis-
harge (∼18 nm/min) and decreased gradually to the periphery
∼5 nm/min). We found that the films deposited on the sub-
trates placed at the edge of the samples holder (6 cm on the
adial axis) are of better quality from chemical point of view,
howing no significant off-stoichiometry Ba/Ti ratios (Table 1).
he as-grown films were amorphous. Post-deposition annealing
f the samples was carried out in air to obtain crystalline films.
A four-step deposition–annealing technique was also devel-
ped in order to improve the BaTiO3 structure and compactness
nd therefore, to reduce the dielectric losses. To compare the
nfluence of both thickness and deposition–annealing procedure

v
a
c
t

able 1
hemical composition and structural characteristics of the analyzed films

haracteristics Target Sample 1

o. of deposits – 1
ilm thickness (�m) – 0.6
a/Ti ratio 1.002 ± 0.002 0.985 ± 0

nit cell parameters (Å)
Cubic

a – 4.0300 ±
Tetragonal

c 4.0100 ± 0.0033 4.0369 ±
a 3.8969 ± 0.0023 3.9943 ±

etragonality, c/a 1.029 1.011

nit cell volume, V (Å3)
Cubic – 65.45 ± 0.6
Tetragonal 63.74 ± 0.13 64.41 ± 0.3

verage crystallite size, 〈D〉 (Å)
Cubic – 583
Tetragonal 938 568

nternal strain, 〈S〉 × 103

Cubic – 0.7
Tetragonal 0.6 0.6

1 1 1) orientation degree, α1 1 1

Cubic – 0.376 ± 0
Tetragonal 0.224 ± 0.013 0.486 ± 0

2 0 0) orientation degree, α2 0 0

Cubic – 0.368 ± 0
Tetragonal 0.249 ± 0.012 0.495 ± 0
Ceramic Society 27 (2007) 1129–1135

n the films properties, we analyzed three different BaTiO3 sam-
les: two single-deposit films (of 0.6 and 1 �m, respectively)
btained by annealing in air, with a heating rate of 5 ◦C/min up
o 900 ◦C, with 8 h plateau at this temperature and a BaTiO3
lm of 0.6 �m, with four successive deposits, followed each of

hem by an annealing in the same conditions (again 900 ◦C/8 h,
n air). After each thermal treatment, the samples were slowly
ooled to room temperature with a cooling rate of 1.5 ◦C/min.

.2. Samples characterization

The Ba/Ti ratio was measured by means of X-ray fluorescence
pectroscopy using a Tracor X-ray Spectrance 5000 equipment.

In order to establish the phase composition, X-ray diffraction
nalyses were carried out with a Shimadzu XRD 600 diffrac-
ometer using Ni-filtered Cu K� radiation with scan step incre-

ents of 0.02◦ and with a counting time of 1 s/step, for 2θ ranged
etween 20◦ and 80◦. To estimate the structural characteristics
unit cell parameters, crystallite average size and orientation
egree) the same step increment but with a counting time of
0 s/step, for 2θ ranged between 20◦ and 120◦ was used. Parame-
ers to define the position, magnitude, shape and integral breadth
r full width at half maximum of profile (FWHM) of the indi-

idual peaks are obtained using the pattern fitting and profile
nalysis of the original X-ray 3.0 program. The lattice constants
alculation is based on the least squares procedure (LSP) using
he linear multiple regressions for several XRD lines, depending

Sample 2 Sample 3

4 1
0.6 1

.005 0.995 ± 0.003 0.998 ± 0.003

0.0123 4.0131 ± 0.0103 4.0270 ± 0.0089

0.0089 4.0268 ± 0.0063 4.0244 ± 0.0034
0.0064 3.9987 ± 0.0044 3.9988 ± 0.0023

1.007 1.006

0 64.63 ± 0.50 65.31 ± 0.43
5 64.39 ± 0.24 64.37 ± 0.13

1174 600
779 686

0.9 0.5
0.5 0.2

.017 0.394 ± 0.021 0.258 ± 0.014

.018 0.431 ± 0.020 0.439 ± 0.018

.017 0.429 ± 0.020 0.364 ± 0.016

.019 0.295 ± 0.016 0.462 ± 0.017
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n the unit cell symmetry. To deconvolute size, D, and strain, S,
roadening from the XRD spectra, the multiple line analysis and
ntegral breadth methods applied to the observed profiles (prop-
rly approximated with the Pearson’s VII analytic functions)
ere used.
AFM measurements were effected in order to determine the

urface roughness and to estimate the surface topography.
To perform the electrical measurements, gold dots of 1 mm

iameter and of 75 nm thickness were sputtered as top elec-
rodes through a mask onto the surface of crystalline BaTiO3
lms. The Pd substrate was used as bottom electrode. Capac-

tance and dielectric losses were measured by using a Hewlett
ackard 4284 A LCR-meter from 80 Hz to 1 MHz frequency
ange. Temperature dependence of the dielectric constant was
easured by placing samples in a small oven and heating them

n air. The bias dependence of the capacitance was investigated
o determine the ferroelectric state of the films. A 1 V signal was
sed to measure the capacitance at 100 kHz as the bias voltage
as ramped between −10 and +10 V.

. Results and discussions

.1. Structural characteristics

The X-ray diffraction patterns of the three samples analyzed
ere show the presence of well-crystallized BaTiO3 (Fig. 1). No
i- or Ba-rich secondary phases were detected in the annealed
lms.

The main peaks of the palladium substrate, as well as of PdO

ormed because of Pd oxidation during the annealing were also
etected. We found that all the samples consist of two BaTiO3
orms: one with cubic symmetry and the other with tetragonal
ymmetry. The cubic phase was identified on the diffractograms

ig. 1. X-ray diffractions patterns for the analyzed samples: (a) one-deposit
lm of 0.6 �m thickness, (b) four-deposit film of 0.6 �m thickness and (c) one-
eposit film of 1 �m thickness.

c
t
t
o
s
b
c
c

e

(

α

I

w
(
i
o

Ceramic Society 27 (2007) 1129–1135 1131

s small shoulders placed at the left side (2θ = 38.4–38.7◦ and
4.7–44.8◦) of both (1 1 1) and (2 0 0) peaks (JCPDS-file no.
5-214). The thinner the films, the more visible were these shoul-
ers.

The structural characteristics of both thin films and ceramic
arget (used as standard sample) were summarized in Table 1.

First of all, we assumed that the four-deposit film (sample
) is heterogeneous from the point of view of crystallite size.
t is probable that the internal layers, subjected to successive
nnealings, consist of larger crystallites, than the smaller ones
f the surface layer. The plateau of the cumulative annealings
ncreases from only 8 h, for the last deposit to 32 h for the first
ne. This assumption was sustained by average crystallite size
alues, which indicated the obtaining of larger crystallites for
hicker films (sample 3) and, especially, for multi-layer films
sample 2). For thin films the average crystallite size values
ave to be correlated with these ones of internal strains. It is
ell known fact that the internal strains increase as the average

rystallite size decreases. Thus, it is not surprising that weaker
nternal strains were determined for the thicker film (sample 3).
oncerning the multi-layer thin film, the cubic phase seems to be
ore stressed than the tetragonal one, despite its crystallinity. In

his case, additional internal strains between the different layers
annot be excluded.

Higher values of unit cell parameters for tetragonal BaTiO3
orm in thin films were obtained in comparison with those of the
ulk ceramic target. The crystallinity increase, due to either the
hickness increasing or to the successive annealings, involves
o-significant increase of a but more pronounced decrease of
, so that the tetragonality was slightly affected. Anyway, low
etragonality values were obtained, because of the strongly dis-
orted perovskite lattice. Because of the concurrent evolution
f the two parameters against the average crystallite size, the
hrinkage of the tetragonal unit cell is very small, its volume
eing nearly constant. The shrinkage was more obvious for the
ubic form, whose unit cell parameter decreases with the films
rystallinity.

Comparing with the ceramic target, all the films analyzed
xhibit preferential [1 1 1] and [2 0 0] orientations.

The orientation degree named αh k l was calculated using Eqs.
1) and (2):

h k l = Ih k l

Ih k l + I1 1 0
(1)

calc
h k l = Icalc

max − Ibackground, (2)

here Icalc
h k l represents the calculated integrated intensity of the

h k l) peak obtained after the subtraction of the background
ntensity, Ibackground, from the maximal integrated intensity Icalc

max
f the same peak.

Some aspects have to be emphasized:

(i) For one-deposit samples the orientation degree along the

two directions mentioned was higher (compared to the one
corresponding to the bulk target) as the film thickness was
lower; unlike the tetragonal phase, where a preferential ori-
entation between the two crystallographic directions is not
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very obvious, the cubic form clearly exhibits a preferential
[1 1 1] orientation.

ii) For samples with similar thickness, the greater the number
of deposits, the more favourable seems to be a random orien-
tation of the tetragonal form, close to that of bulk ceramics;
the decrease of the orientation degree is more visible for
[2 0 0] direction; a contrary tendency, of preferential [2 0 0]
orientation was pointed out for the cubic form in this multi-
layer sample.

.2. Surface topography

The AFM topography of the three samples was presented in
ig. 2(a–c). Fig. 2(a) shows the topography of a one-deposit film
sample 1), which presents a RMS surface roughness of 37.9 nm.
ne can notice well-defined grain-boundaries having between

hem a great number of small dark zones, which represent val-
eys (holes, pits) uniformly distributed on the film surface. These
lms seem to be not very smooth, taking into account the rough-
ess value.

The situation completely changes for the four-deposit film
sample 2). In this case, the film surface looks more “furrowed”.
n comparison with the “one-layer” sample, there are only a

ew very large, non-uniform (as shape and size) and randomly
istributed “depression” zones.

In order to distinguish the surface roughness from the super-
mposed surface waviness present on the micrometer length

a
(
n

Fig. 2. AFM images of: (a) sample 1, (b) non-fi
Ceramic Society 27 (2007) 1129–1135

cale, a high-pass Fourier filtering was performed on the overall
rofile height. The result is displayed in Fig. 2(c). In these con-
itions a decreased surface roughness (RMS = 22.9 nm), higher
ensification and smaller grains than the ones corresponding to
he one-layer sample were noticed. These observations appar-
ntly do not match the XRD results related to the average
rystallite size, which pointed out larger crystallites in the four-
eposit film. The results are however plausible, if we take into
ccount the fact that in AFM images only the grains surface
s observed and if we assume the heterogeneity of the crys-
allite size across the film thickness (because of the increased
nnealing time endured by each successive layer). In order to
lucidate this aspect supplementary cross-section TEM analy-
es are required. The “furrowed” surface, as well as the presence
f finer grains in the surface layer of sample 2 suggests that the
nterface between the last two deposits may act as an active, dis-
ontinuous nucleation surface for the fourth layer crystallization.
n other words, the nucleation process is more favourable than
he crystals growth, at least for the crystallization of the last
eposit of this film.

.3. Dielectric behaviour
The frequency response in all the films analyzed here shows
power law dependence specific to highly disordered structures

Fig. 3(a–c)) and obviously different from the pure Debye reso-
ances displayed by the bulk BaTiO3. This behaviour has been

ltered sample 2 and (c) filtered sample 2.
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Fig. 3. Frequency response of the dielectric properties measured at room tem-
perature, in the BaTiO thin films analyzed: (a) relative permittivity evolution
f
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noticed. For single-deposit films (Fig. 4(a and c)) almost con-
stant variations of the dielectric constant against the temperature
were observed up to 90–100 ◦C, followed by linear decreasing
3

or samples 1 and 2, respectively, (b) dielectric loss evolution for samples 1 and
, respectively, and (c) relative permittivity and dielectric loss for sample 3.

ttributed to inhomogeneities resulting from either the presence
f boundaries or point defects, which modify the local charge
ensity.5

For the one-deposit samples, concurrent high dielectric losses
of 1–5 × 10−1), especially in the lower frequencies range were
lso recorded (Fig. 3(b and c)). As already mentioned, the thin-
er films consist of smaller grains. The smaller the average grain
ize, the smaller the grain-to-boundary ratio, which determines a
ower overall permittivity of the film, as well as higher dielectric
osses because of the higher leakage currents. These observa-
ions are in good agreement with those reported by Shaw et al.6
nd Hayashi et al.10

Concerning the four-deposit film, due to its more dense
icrostructure and higher overall crystallite size, higher per-

F
s

Ceramic Society 27 (2007) 1129–1135 1133

ittivity and significantly lower dielectric losses were obtained
Fig. 3(a and b)). For frequencies ranged between 103 and
05 Hz, the dielectric loss shows values of 0.06–0.07, compa-
able with those ones specific to BaTiO3 bulk ceramics. Even
hough this multi-layer film is thinner (0.6 �m), due to its higher
rystallinity, its dielectric constant approaches the permittivity
alue of the thicker (1 �m) one-deposit film.

Fig. 4(a–c) shows the temperature dependence of the relative
ermittivity, at different frequency values for BaTiO3 thin films
tudied here. Diffuse phase transitions, with no typical anomaly
round 120 ◦C related in bulk BaTiO3 to the transformations
rom tetragonal (ferroelectric) to cubic (paraelectric) phase were
ig. 4. Temperature dependence of dielectric constant, εr of: (a) sample 1, (b)
ample 2 and (c) sample 3.
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ig. 5. Relative permittivity–electrical field characteristics at room temperatu
our-deposit film (sample 2).

f this property at higher temperature. We consider that this
henomenon is a consequence of the highly distorted structure,
onsisting of two different BaTiO3 forms. Even the tetragonal
hase was certainly identified, the strong internal strains, the
tress induced by the substrate, as well as the domains pinning
ue to the fine grains, essentially contribute to this behaviour.
imilar results were obtained by Hayashi et al.10 for their thin
lms prepared by sol–gel method. On the other hand, our results
iffer from those reported by Dharmadhikari and Granneman11

nd Norton et al.,12 which showed broad peaks in εr–T char-
cteristic around 120 ◦C for their rf-sputtered and pulsed-laser
eposited thin films.

Sharper dependence was observed, especially at lower fre-
uencies, for the four-deposit film, probably due to the larger
rystallites, as the X-ray diffraction analyses pointed out
Fig. 4(b)).

The variation in the dielectric response with the dc bias is
ssociated with the domain reorientation process.13 Fig. 5(a and
) shows the field-dependent dielectric permittivity of BaTiO3
lms measured at 100 kHz. A typical hysteresis between the
r–E plots specific to the up- and down-ramped dc bias was
ecorded for all samples, indicated the non-linear nature of these
lms (Fig. 5(a and b)).

It is well-known that the shape of the εr–E characteristic
s indicative of the domains distribution. It can be seen from
ig. 5(a) that a single-layer thick film (sample 3) exhibits a
ore sharply humped εr–E characteristic in comparison with

hat one of a thinner film (sample 1). This effect is obvious

lso for the four-deposit film (Fig. 5(b)). Supplementary mea-
urements revealed that the integrity of this multi-layer film is
aintained, even as the electrical field varied between −300 and
300 kV/cm.

t
t
t
p

at 100 kHz frequency of: (a) single-deposit films (samples 1 and 3) and (b)

The tunability of the films was calculated according to the
ollowing formula:14

unability (%) = εmax − εmin

εmax
× 100, (3)

here εmax and εmin are the maximum and the minimum relative
ermittivities.

It is worthy to notice that the tunability is directly related
o the dielectric permittivity of the materials, so that a higher
ielectric constant will result in a higher tunability.15 Therefore,
e concluded that higher crystallinity involves also higher tun-

bility. For this reason, referring to single-deposit samples, the
hicker film (of 1 �m) exhibits higher tunability than the thin-
er one (of 0.6 �m). Thus, for an electrical field of 50 kV/cm,
ample 3 displayed a tunability of ∼27% in comparison with the
unability of only ∼11% obtained for sample 1.

Higher densification and crystallinity of the multi-deposit
pecimen (sample 2) lead not only to a higher dielectric constant
alue, but also to a more intense electrical field which can be
upported by this film, comparing to single-deposit film (sample
) of the same thickness (0.6 �m). A tunability of ∼26% for an
lectrical field of 160 kV/cm was obtained for this four-deposit
aTiO3 film.

. Conclusions

A multi-step deposition–annealing technique was proposed
n order to improve the compactness and therefore, the dielec-

ric behaviour. X-ray diffraction data pointed out that the BaTiO3
hin films studied consist of a mixture of crystalline forms, with
etragonal and cubic symmetry, irrespective of the thickness or
rocessing technique. A lower surface roughness (∼23 nm) was
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(BaxSr1−x)Ti1+yO3+z thin films for voltage tunable devices. Appl. Phys. Lett.,
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stimated for the four-deposit film, in comparison to that one spe-
ific to the one-deposit film (∼39 nm) with the same thickness.

The dielectric properties were correlated with the structural
arameters, especially by means of average crystallite size. The
ulti-layer BaTiO3 film shows higher crystallinity degree and

igher densification, so that higher relative permittivity and
ower dielectric losses were obtained in this case, in compar-
son with the single-deposit film with similar thickness. Thus,
he film of 0.6 �m obtained by four deposition–annealing cycles
xhibits a dielectric permittivity of ∼700 and a dissipation factor
f 0.06 at 100 kHz.
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