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Abstract

Barium dititanate (BaTi,Os) thick films were prepared on a Pt-coated Si substrate by laser chemical vapor deposition, and ac electric responses of
(02 0)-oriented BaTi,Os films were investigated using several equivalent electric circuit models. BaTi,Os films in a single phase were obtained at
a Ti/Ba molar ratio (mryg,) of 1.72—1.74 and deposition temperature (T4.p,) of 908-1065K as well as mrip, = 1.95 and Tyep =914-953 K. (02 0)-
oriented BaTi,Os films were obtained at mryp, = 1.72-1.74 and Ty, =989-1051 K. BaTi,Os films had columnar grains, and the deposition rate
reached 93 umh~'. The maximum relative permittivity of the (02 0)-oriented BaTi,Os film prepared at Tyep =989 K was 653 at 759 K. The model
of an equivalent circuit involving a parallel combination of a resistor, a capacitor, and a constant phase element well fitted the frequency dependence
of the interrelated ac electrical responses of the impedance, electric modulus, and admittance of (02 0)-oriented BaTi,Os films.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Ferroelectricity of barium dititanate (BaTi;Os, BT,) has not
been realized until recently despite considerable study on the
BaO-TiO, quasi-binary system. We first prepared a ferroelectric
BaTi;Os single crystal and reported its high relative permittiv-
ity along the b-axis (¢ =20,000) and its high Curie temperature
(Tc=1750 K).l'2 The first-principle calculation showed that the
piezoelectric response of BaTipOs is comparable to that of
PbTiOs3; thus, BaTiyOs is a promising candidate for a new lead-
free ferroelectric material.> Since piezoelectric force is directly
related to film thickness, a b-axis-oriented BaTirOs thick film
is required to achieve a large mechanical force in a practical
actuator.

Although the preparation of BaTiOs3 films by chemical vapor
deposition (CVD) has been extensively studied because of
its wide use in ferroelectric devices such as capacitors and
actuators,*3 the preparation of BaTi,Os films by CVD has
rarely been reported. Yu et al. reported the formation of the
BaTi,O5 phase in their study of BaTiOs epitaxial growth by
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aerosol CVD?; however, the ferroelectricity of BaTi,O5 was
not yet realized. To study BaTi,O5 films, we prepared ferroelec-
tric BaTi>Os epitaxial thin films by laser ablation!"; however,
its deposition rate around 0.1 umh~! should be increased to
prepare thick BaTipOs films for practical applications. Laser
chemical vapor deposition (laser CVD) is advantageous to obtain
oriented and thick BaTi»Os films at a high deposition rate. Laser
CVD preparation of Y>,03-ZrO;, Al,O3 and CeO; thick films
was demonstrated at high deposition rates of more than several
hundreds of micrometer per hour with significant orientation
growth,!1-13

For the characterization of dielectric materials, ac impedance
spectroscopy has been widely used. Although the ac electric
response has been conventionally analyzed by a Debye-type
relaxation process using the equivalent electric circuit model
involving a parallel combination of resistor (R) and capaci-
tor (C) elements, deviations from the Debye-type response are
commonly observed. Thus, a non-Debye-type element,'* the
so-called constant phase element (CPE), has often been used
to explain these deviations. Masé et al. recently proposed an
equivalent circuit model involving a parallel combination of R,
C and the CPE to characterize the frequency-dependent electri-
cal responses of the BaTi,Os single crystal,' in which the CPE
would correlate with cooperative dipolar interactions.
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Fig. 1. XRD patterns of Ba—Ti—O films prepared at various mri, and Tgep: 1.95
and 1020K (a), 1.74 and 978 K (b), 1.74 and 957 K (¢), and 1.06 and 1014 K
(d), respectively.

In the present study, we have prepared (02 0)-oriented
BaTi;Os thick films on a Pt-coated Si substrate by laser CVD,
and the ac electric responses of the films were investigated using
several equivalent electric circuit models.

2. Experimental procedure

BaTi,Os thick films were prepared on a Pt-coated Si sub-
strate by laser CVD with a continuous-wave mode Nd: YAG laser
(wavelength: 1064 nm). Details of the laser CVD apparatus and
the procedure have been reported elsewhere.!” The substrate
was placed on a hot stage, and a thermocouple was inserted near
the substrate to measure the deposition temperature (7qep). The
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Fig. 2. Effects of Ti/Ba molar ratio and deposition temperature on the phase
of Ba-Ti—O films (a), The hatched area indicates optimal deposition conditions
for single-phase BaTi,Os films. Phase diagram for the BaO-TiO, quasi-binary
system (b).10

substrate was heated on a hot stage at a pre-heating temperature
(Tpre) of 773 K. A laser beam 15 mm in diameter was introduced
through a quartz window to irradiate the entire substrate. As the
laser power (PL) increased from 52 to 93 W, T, increased from
918 to 1092 K. Barium dipivaloylmethanate (Ba(dpm),) and
titanium diisopropoxy-dipivaloylmethanate (Ti(OiPr),(dpm);)
precursors were evaporated at 563 K and 433-444 K, respec-
tively. Their vapors were carried into a chamber with Ar gas,
and O, gas was separately introduced into the chamber through
a double-tube gas nozzle. The total pressure (Py) in the cham-
ber was maintained at 400 Pa. Deposition was conducted for
600s.

The crystal phase of the films was analyzed by X-ray diffrac-
tion (XRD, Rigaku RAD-2C) using Cu Ko X-ray radiation. The
surface and cross-sectional microstructure of these films was
observed by a scanning electron microscope (SEM, Hitachi S-
3100H), and their dielectric properties were measured by an ac
impedance spectroscope (Hewlett-Packard HP4194) in air from
298 to 1100 K in a frequency range between 2 x 10% and 10° Hz.
Gold paste was used as an electrode. The ac electric responses
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Fig. 3. Surface morphologies of BaTi>Os films prepared at Tgep =973 K (a), 989 K (b), and 1028 K (c); cross-sectional microstructure of the film prepared at 989 K

(d).

from the equivalent circuit models were calculated using ZView
(Scribner Associates), an equivalent circuit modeling software.

3. Results and discussion
3.1. Preparation of (02 0)-oriented BaTiyOs films

The Ti/Ba molar ratio (mri/a) in source vapor was calcu-
lated from the weight change of each precursor. Increasing the
evaporation temperature of the Ti precursor from 438 to 444 K
resulted in an increase in mrjg, from 1.06 to 2.04.

Fig. 1 shows the XRD patterns of Ba-Ti-O films pre-
pared at various mrypa and Tgep. A mixture phase of
BaTipOs and BagTij7049 was formed at mryyp,=2.04
and Tgep=890-1001K as well as mryBa=1.95 and
T4ep =961-1092K (Fig. 1(a)). BaTi;Os films in a single
phase were obtained at mTig, =1.95 and Tqep =914-953K as
well as mria=1.72 — 1.74 and Tgep =908-1065 K. BaTiyOs
films prepared at Tgep =989-1051 K showed significant (02 0)
orientation (Fig. 1(b)), whereas the BaTiyOs films prepared
below 989 K showed (1 12) and (1 12) co-orientation (Fig. 1(c)).
At Tgep =1092K, the BagTi;7040 phase was formed with the
BaTi;Os phase. At mryga=1.48 and Tgep=902-1014K,
the films were a mixture phase of BaTiO3z, BaTipOs, and
BagTi;7049. In addition, a mixture phase of BaTiOsz and

BaTi;Os was obtained at mriBa =1.06 and Tgep =921-1014K
(Fig. 1(d)). The (020) orientation degree of BaTi,Os films
prepared at mryBa=1.72-1.74 and Tgep=918-1092K was
evaluated using the Lotgering factor (f(o20)) as calculated from
Egs. (1) and (2):

P, — Py
=m0 1
Jooy = —— 7o (1)
_ L20) @)
> Linkiy

where P, and P( are the XRD intensity ratios of the (020)
BaTiyOs plane to the summation of all (4 k /) planes for measured
and non-oriented specimens, respectively. Py was calculated
from JCPDS card #72-3822.!7 The Lotgering factor has a
value between O (non-oriented) and 1 (completely oriented).
BaTi,O5 films showed (02 0) orientation (fp20) =0.30-0.33) at
Taep =989-1051 K.

Fig. 2(a) depicts the effects of mrygs and Tgep on
the phase of Ba-Ti—O films. Single-phase BaTiyOs films
were obtained at mti, = 1.72-1.74 and Tyep =908-1065 K as
well as mry,=1.95 and Tyep =914-953 K. (02 0)-oriented
BaTi,Os5 films were obtained at mryg,=1.72-1.74 and
Taep =989-1051 K. BagTi 7049 was formed with BaTi;Os5 at
mti/Ba = 1.49—-1.94 and BaTiO3; with BaTi,O5 at mrjga < 1.49.
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Fig. 4. Impedance complex plane plots for (02 0)-oriented BaTi;Os films prepared at Tgep =989 K measured at 621 and 743K (a), 905K (b), and 1043 K (c), and
their electric modulus complex plane plots for these films (d). Solid lines represent curve fittings from the equivalent R-CPE—C parallel circuit (inset in (a)).

Fig. 2(b) shows the phase diagram for the BaO-TiO; quasi-
binary system.'® Although mri/, of single-phase BaTi,Os films
was slightly lower than that shown in the phase diagram, the
trend of phase formation corresponded to that shown in the phase
diagram.

It is known that BaTiyOs is unstable at a high temperature
and decomposes to BaTiO3 and BagTi;7040; however, the sta-
ble temperature range of the BaTi>Os phase is not well known.
Statton first found the formation of the needle-like BaTi;Os5
single crystal in the solidified specimen made from BaCOs3,
TiO,, and BaCl, ternary liquid and reported that the crystal
congruently melted at 1676 K.'® Rase and Roy published a
phase diagram for the BaO-TiO; quasi-binary system including
aBaTiyOs5 phase,17 and reported that BaTi»Os can be produced
by a solid-state reaction and solidification from a liquid phase
and it decomposed below 1483 K and above 1605 K. There-
after, several phase diagrams of BaO-TiO, were reported by
Negas et al.'® and O’Bryan and Thomson. '° Since they regarded
BaTiyOs as a metastable phase, the BaTi;Os phase was not
described in their phase diagrams. The BaTi,Os phase was
not shown in the phase diagrams'®23 until the discovery of

the ferroelectricity of B21Ti205,1’24 which has focused renewed

attention on its crystal structure, formation kinetics, dielectric
properties and thermal stability.>32> Zhu and West recently
reported a phase diagram in which BaTipOs can be an equi-
librium phase in a narrow temperature range between 1493 and
1507 K.2° By using a sol-gel method and precipitation on a solu-
tion using alkoxide precursors, the BaTi;O5 phase was formed
above 973 K.2>%7 The stability range of BaTi,Os is still con-
troversial. In the present study, the single-phase BaTi,Os films
were obtained at Tqep =918-1092 K.

Fig. 3 shows surface and cross-sectional SEM images of
the BaTi,Os films prepared at mti, =1.72 and various Tgep.
The BaTi;Os films prepared at Tgep =973 K had a clamshell-
like microstructure (Fig. 3(a)), and plate-like facets appeared on
the surface of the grains. On the surface of the (02 0)-oriented
BaTi,Os film prepared at Tgep = 989 K, the grains had a rhombic
terrace (Fig. 3(b)). At Tyep = 1028 K, the grain shapes became
truncated (Fig. 3(c)). The inner angle of the rhombic terrace was
almostidentical to angle 3 of monoclinic BaTi»Os (space group:
C2; a=1.6899nm, »=0.3935nm, ¢=0.9410nm, $=103.0°
ICSD #28-1548), as shown by the white lines in Fig. 3(b).%
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This morphology indicates that the (02 0) BaTi;Os plane grew
perpendicular to the surface. In addition, the plate-like facets on
the clamshell-like grains (Fig. 3(a)) and the truncated grains
(Fig. 3(c)) had inner angles corresponding to angle 3. The
cross-sectional microstructure of BaTi;Os films was colum-
nar (Fig. 3(d)). The deposition rates of BaTipOs films were
approximately 90 umh~! and almost independent of T4ep- The
highest deposition rate of (0 2 0)-oriented BaTi> Os films reached
93.3 wumh~!, which was more than 100 times higher than those
reported for the (0 2 0)-oriented BaTi,Os films prepared by laser
ablation'® and the BaTiO3 films by CVD.?82°

3.2. Dielectric responses of (02 0)-oriented BaTi;Os films

Fig. 4 shows the impedance (Z*) and electric modulus (M*)
complex plane plots measured at several temperatures for the
(02 0)-oriented BaTiOs film prepared at Tgep =989 K. At tem-
peratures below 743 K, only a part of the impedance semicircle
was observed due to the high electrical resistivity of the BaTi; O5
film (Fig. 4(a)). Electrical resistivity decreased with increasing
temperature, and thus all semicircular responses were observed
in the Z* complex plane plot at measurement temperatures of
905 and 1043 K (Fig. 4(b) and (c), respectively). Similarly, in
the M* complex plane plot, the arc-shaped response became
semicircular with increasing temperature (Fig. 4(d)). Since the
electric modulus is the reciprocal of the relative permittivity
(e* =(M*)~1), it showed minima around Curie temperature (7¢)
750K.

An equivalent circuit model involving parallel combination
of R and C elements is generally used to explain the ac response
of dielectric materials, which results in semicircular curves in
the Z* and M* complex plane plots. However, the impedance
response plotted in the Z* complex plane are often depressed
from the ideal Debye-type response. The CPE can be used to
express a non-Debye-type response.'* The impedance response
of the CPE is defined by Eq. (3):

Z" = Q(jo)™", 3)

where Q denotes the CPE constant, j is the imaginary unit,
w is the angular frequency and n is the CPE power parame-
ter (0 <n <1). The CPE becomes a pure capacitor when n=1
(Q=0C), whereas it becomes resistive (less capacitive) with
decreasing n. For example, a parallel R—CPE circuit reproduces
a depressed semicircular response in the Z* complex plane plot,
whose center is inclined at an angle of (1 — n)7/2.'* The equiv-
alent circuit of the BaTipOs5 single crystal has been studied by
a parallel combination of R, C and CPE."> Solid lines in Fig. 4
show the calculated response of the equivalent R—CPE-C par-
allel circuit with fitted parameters. The R—-CPE-C model well
fitted the experimental data shown in the Z* and M* complex
plane plots.

Fig. 5 shows the M” and Z” spectroscopic plots of the (02 0)-
oriented BaTipOs film prepared at Tgep =989 K and at several
temperatures. A single peak was observed in both the M” and
7" plots, and the peak frequency increased with increasing tem-
perature. The peak frequency of Z” was slightly lower than that
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Fig.5. Imaginary electric modulus (a) and imaginary impedance (b) as functions
of frequency for the (02 0)-oriented BaTi;Os film prepared at Tgep =989 K at
several measurement temperatures. Solid lines represent curve fittings from the
equivalent R-CPE—C parallel circuit. Arrows indicate the peak positions of the
imaginary electric modulus as a function of frequency.

of M” (arrows in Fig. 5(b)). The peak frequencies of Z’ and M”
should be the same in the case of a single RC parallel circuit
element because

1
Wpeak = 5~ 4)

RC

The slightly lower peak frequency of Z” than that of M” has
often been observed in actual materials. The R—-CPE-C model
fitted the frequency dependence and peak shifts of Z” and M”
(solid lines in Fig. 5).

Adequacy of the R-CPE-C model will be discussed in com-
parison with other possible models. Fig. 6 shows the calculated
impedance responses for five equivalent circuit models listed
in Table 1, namely RC, RC + RC, R-CPE, C-CPE and R-CPE-
C. The open symbols correspond to the experimental data for
the (02 0)-oriented BaTizOs film prepared at Tgep =989 K and
measured at 905 K. The single RC parallel circuit (RC) model
gives a Debye-type response in the Z* and M* complex plane
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Table 1

Equivalent circuit models and parameters used for the calculations.

Model Circuit R/Qm C/Fm™! QIS s" n

RC -| |- 70,000 1.0x 10710 - -

RC+RC 70,000 1.0 x 10710 - -
14,000 4.0x107°

R-CPE 80,000 - 3.5x 10710 0.91

C-CPE -| g - 1.0 x 10710 8.0x107° 0.05

R-CPE-C 85,000 7.5 % 1071 3.0x107° 0.66
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plots (dotted lines in Fig. 6(a) and (b), respectively). The RC
model also shows a single Debye peak in the plot of Z” against
frequency (dotted line in Fig. 6(c)) and a flat Y’ response inde-
pendent of frequency (dotted lines in Fig. 6(d)). The serial RC
parallel circuit (RC + RC) model may illustrate a distorted semi-
circular shape in the Z* plane plot, in which two semicircular
components might have been combined into one distorted semi-
circle assuming a series combination of bulk and grain boundary
contributions. The RC + RC model fits the data better than the
single RC model by adding another semicircular component in
the Z* response in the low frequency range (dashed lines in
Fig. 6(a) and (c)). However, the RC + RC model cannot explain
the depressed semicircular shape in the M* complex plane plot
as well as RC model (dashed line in Fig. 6(b)). Especially, two
RC components resulted in two plateaus in ¥’ spectroscopic plot
(dashed line in Fig. 6(d)).

The non-Debye-type CPE has often been introduced to repro-
duce the experimental results. We calculated results for two
models with the CPE in parallel combination with either C
(C-CPE) or R (R-CPE) (two-dot chain lines and chain lines in
Fig. 6, respectively). The parameters used for the calculation are
listed in Table 1. Despite the good fittings for Z* complex plane
plots, the C—CPE and R—CPE models still showed Debye-like
behavior on the M* complex plane and the Z” and Y’ spectro-
scopic plots (Fig. 6(b)—(d)). Here, we assume the Z’, M”, and Y*
responses for the R—CPE—C model as obtained in the following
Eqgs. (5)—~(7)"3:

7 _ Bo" + oC )
R=CPE-C ™ (1 /R + Aw")? + (Bo" + wC)?’

A e wC(1/R + Aw™) ©
R=CPE-C ™ "C (1/R + Aw")? + (Bo" + wC)*’

Yi_cpp_c = 1/R+ jCo + Aw" + jBo", )
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Fig. 8. Temperature dependence of & for the (02 0)-oriented BaTi;Os film pre-
pared at Tgep =989 K that determined from the R-CPE-C equivalent circuit
parameters (a), temperature dependence of the reciprocal permittivity (b). Tp
and T¢ refer to the Curie—Weiss and Curie temperatures, respectively.

where A and B are the arbitrary constants corresponding to the
real and imaginary parts of the CPE, respectively. In the R—CPE
model listed in Table 1, by substituting C=0and n=0.91 in Eq.
(5), Z” frequency dependence mostly reduces to the simple RC
model. In the C—CPE model, by substituting R = 0o and n=0.05
in Egs. (6) and (7), M” frequency dependence mostly reduces to
the simple RC model and the Y’ response follows a power law
as a function of frequency. As a result, the C-CPE and R—CPE
models still showed Debye-like behavior against frequency and
cannot reproduce the experimental results totally.

The R—CPE—C parallel circuit model, which had an interme-
diate n value of 0.66, reproduced the experimental results well
(solid lines in Fig. 6). The chi-squared goodness of fit was sig-
nificantly small ranging from 10~% to 1073 above 734 K. The
R—CPE-C parallel circuit model also reproduced the frequency
dependence of the interrelated behaviors of Z*, M*, and Y* on
the complex plane and the spectroscopic plots. Therefore, this
model is adequate to represent the dielectric response of the
present BaTi,Os film as well as the BaTi,Os single crystal.'
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Table 2
Permittivity (¢’), Curie temperature (7¢), Curie-Weiss temperature (7p), and activation energy (E,) for BaTi,Os in single-crystal, polycrystalline body and film
forms.

g Tc (K) To (K) E, (eV) Ref
Single crystal
Floating zone 20500 748 747 1.50 1
Solution growth 30000 703 692 24
Floating zone 20000 748 724-735 1.13 14
Polycrystalline body
Pressureless 130 748 - 1.58 30
SPS 580 703 - - 31
Hot press 300 723 574 1.57 2
Arc melting 1800 750 700 1.37 2
Film
Laser ablation 2000 750 - - 10
Laser CVD 653 759 701 1.56

Figs. 7 and 8 depict the temperature dependence of electrical
conductivity and relative permittivity (¢") of the (02 0)-oriented
BaTiyOs film prepared at Tgep =989 K. The activation energy
(E,) at temperatures between 775 and 1000 K was 1.56eV. The
(02 0)-oriented BaTipOs film had ¢ =98-113 at room temper-
ature. With increasing temperature, ¢’ increased and showed
maxima around 760 K. The &’ calculated from the R-CPE-C
model had a maximum value of & =653 at 759 K. Its recip-
rocal (¢/~!) plot obeyed the Curie-Weiss law at temperatures
above 750K (Fig. 8(b)), and T¢ and Curie—Weiss temperature
(Tp) were 759 and 701 K, respectively. Dielectric loss (tan §)
ranged between 0.02 and 0.05 below 600 K and increased with
increasing temperature above 600 K. The ferroelectric phase
transition of BaTiyOs is still controversial. According to the
crystal structure refinement of BaTiy 052, the displacement of
Ti atoms in the Til sites is mainly responsible for the ferroelec-
tricity. Hushur et al. suggested an order-disorder phase transition
around T¢ by using Raman and Brillouin scattaering spectra.>?
Yashima et al. refined the high-temperature BaTi;O5 phase by
high-temperature neutron diffraction and reported that the dis-
placement of constituent atoms along the b-axis resulted in the
phase transition from low-temperature ferroelectric C2 to high-
temperature paraelectric C2/m phase.>?

Table 2 summarizes the dielectric properties (¢, Tc, Ty, and
E,) of BaTiyOs in its single-crystal, polycrystalline body and
film forms. &” of the BaTi;Os single crystal along the b-axis was
more than 20,000 and its Tc was 703-748 K.1:1424 BaTi, 05
sintered bodies had a relatively low &' of 130-580.%3%3! The
BaTiyOs body prepared by arc melting showed b-axis orienta-
tion, and thus it had a high &’ among polycrystalline bodies.? E,
was almost agreed with that of the present study.

4. Conclusions

Single-phase BaTi;Os thick films were prepared on Pt-coated
Si substrates by laser CVD. (0 2 0)-oriented BaTi;O5 films were
obtained at mtyBa = 1.72-1.74 and Tgep = 989-1051 K. A rhom-
bic terrace formed on the surface of (02 0)-oriented BaTi;Os
films, and the inner angle of the terrace corresponded to the
crystal structure of monoclinic BaTi»Os. The deposition rate of
BaTi,Os films was approximately 90 wum h~!. The ac impedance

response of (02 0)-oriented BaTi, Os films was interpreted using
equivalent circuits composed of parallel elements of R, C and
the CPE.
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