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Abstract The impedance and electrical conductivity of
Ba,Ti;30; film prepared by laser chemical vapor deposition
were investigated as functions of temperature (300-1073 K)
and frequency (10°-10" Hz). The impedance response was
resolved into two contributions, which were associated with
the grains (R,C,) and grain boundaries (R4,Cgp). With increas-
ing temperature, both R and C decreased. Ry, was much
higher than R, and C, were close to Cy,. Below 876 K, a
step-like behavior was observed in the ac conductivity plots as
functions of frequency due to two dispersion regions. The
low-frequency dispersion was associated with grain bound-
aries and the high-frequency one corresponded to grains. The
activation energies of grain conduction (£,) and grain bound-
ary conduction (Ey,) were 0.20 and 1.49 eV, respectively,
which indicated that the relaxation process in grains arose
from hopping electron and that in grain boundaries from the
diffusion of oxygen vacancies.
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1 Introduction

Compounds in the BaO-TiO, system have attracted great
attention due to their excellent dielectric properties, which
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can be applied to microwave devices [1-3]. Among them,
BayTi;303¢ compound was firstly found in quenched sam-
ples prepared by the solid-state reaction, which was only
used to improve microwave dielectric property of the other
compounds as additive, since it was very difficult to obtain
the single-phase Ba,Ti;303¢ compound [4—6].

Recently, we reported on preparation of single-phase
Ba,Ti 305 film prepared by laser chemical vapor deposition
(LCVD) [7]. The films prepared by LCVD had typically
columnar cross-section. The presence of grain boundaries
between the columnar grains could be one of the major factors
to influence the electrical properties of these films. For appli-
cation in microwave devices, it is necessary to understand the
mechanisms of conduction and to determine the electrical
behaviors of grains and grain boundaries in Ba,Ti 305 film.
Impedance spectroscopy is considered as a powerful tech-
nique to evaluate the relationship between microstructure
and electrical properties and distinguish the intrinsic (grain)
and extrinsic contributions (such as grain boundary, surface
layer, electrode contact problem and impurity phase) [8]. This
technique has been successfully applied to analyze the elec-
trical properties of dielectric materials, such as BaTiOs3,
LiTaO3, BiFeO3 and CaCu3Ti4O,, [9-12]. In this study, we
investigated the impedance, modulus and ac conductivity of
Ba,Ti305 film prepared by LCVD as functions of tempera-
ture and frequency.

2 Experimental

The details of preparation of Ba,Ti;;05 film were reported
elsewhere [7]. The thickness of BasTi;303¢ film was
14.9 um. To measure electrical properties, electrode was
fabricated on the surface from Au paste, which was dried
and decomposed by gradually heating to 1073 K. The area
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of Au electrode was about 0.9 mm?>. Impedance spectro-
scopic measurements were performed using an impedance/
grain-phase analyzer (Hewlett Packard 4194) in the temper-
ature range from 300 to 1073 K over the frequency range of
10°-10" Hz.

3 Results and discussion

Figure 1 shows the Cole—Cole plots of complex impedance
data (the imaginary part Z"” and the real part Z') of
Ba,Ti;303¢ film at different temperatures. The arrow in
Fig. 1(a) showed the direction of increasing frequency. At
low temperature, the almost straight line with big slope
indicated that the film had high impedance. With increasing
temperature, the impedance decreased and the semicircular
arcs were observed above 723 K. There were two poorly
resolved semicircular arcs in Fig. 1(b), which were attributed
to the responses of grains (high frequency) and grain bound-
aries (low frequency), respectively. The small arc was largely
obscured by the larger semicircular arc due to the large differ-
ence in the magnitudes of resistance between grain (R,) and
grain boundary (Rg). The Cole—Cole plot in Fig. 1(c) showed
a depressed semicircle due to grain boundary.

Since the semicircle sizes in Cole—Cole plots were coin-
cided with the magnitude of resistance, if the two responses
had greatly different magnitudes of R (often by orders of
magnitude), the more resistive response dominated entirely
making resolution of the less resistive response difficult. In
this cases, modulus spectra was useful for resolving the dif-
ferent relaxations [13]. Figure 2 shows modulus spectra (the
imaginary part M" and the real part M") of Ba,Ti ;05 film.
The arrow in Fig. 2 also showed the direction of increasing
frequency. There were two arcs in the modulus spectra below
917 K, one at low frequency and another at high frequency,
indicating the presence of two relaxations. An equivalent
circuit comprising two parallel RC elements in series was
supposed as shown in Fig. 2. The low-frequency arc corre-
sponded to the grain boundary response (Ry,Cy) and the
high-frequency arc corresponded to the grain response (RCy).
The peak in the modulus spectra is described by

oRC
1 + (wRC)?

n €0

2 (1)

where ¢ is the permittivity of free space, w is the angular
frequency and given by

o =2rf (2)

The frequency at the semicircular arc maxima (f;,.x) for
each RC element is given by

27fimaxRC = 1 3)
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Fig. 1 Cole—Cole plots of BayTij303( film: (a) measured at different
temperatures, (b) at 570 K and (c¢) at 1023 K
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Fig. 2 Modulus spectra of BayTij303¢ film measured at different
temperatures, the inset shows an equivalent circuit comprising two
parallel RC elements in series

From equations (1) and (3), the magnitude of M,;;ax at the
peak maxima is given by

€0
M = > (4)

Hence, the magnitudes of R and C can be estimated from

Mpax of the modulus spectra. According to Fig. 2, with
increasing temperature, Mr;'lax increased, which indicated
both C, and C,, decreased, and the two semicircular
arcs gradually merged together. When temperature was
above 917 K, only one semicircular arc was observed.
In order to analyze the change, M" as a function of
frequency of BasTi;303¢ film at different temperatures
are plotted in Fig. 3. At 356 K, one peak labeled as
peak 1 was observed at low frequency. With increasing
temperature, the position of peak I (f.x1) shifted toward
high frequency. At 570 K, another peak labeled as peak
IT appeared at low frequency. As temperature increased,
the position of peak II (f.xi) also shifted toward high
frequency just like peak I. Peak I was associated with
R,C, and peak II was associated with R,,Cy,. However,
when temperature was above 779 K, fi.x increased
very slowly. With increasing temperature, the intensity
of peak II increased rapidly. Above 966 K, peak II
merged peak I, which indicated that the dominant con-
tribution was from grain boundary. The values of R and
C were calculated using equations (3) and (4), and
listed in Table 1. With increasing temperature, both R
and C decreased. C, was close to Cy, and Ry, was
much higher than R,.
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Fig. 3 Frequency dependence of the imaginary part (M") of electric
modulus at different temperatures: (a) from 356 to 917 K and (b) from
925 to 1031 K

Figure 4 shows the ac electrical conductivity plots as
a function of frequency of Ba;Ti;305¢ film at different
temperatures. The curves tended to flatten with increas-
ing temperature, especially at the low-frequency regions,
which was associated with dc electrical conduction.
Below 876 K, as frequency increased, the step-like
curves were observed due to two dispersion regions.
The low-frequency dispersion was associated with grain
boundaries and the high-frequency one corresponded to
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Table 1 The calculated parameters of BasTi;303¢ film at different
temperatures

T (K) fmaxI (HZ) Cg (nF) Rg (Q) fl"naxlI (HZ) Cgb (I’IF) Rgb (Q)

779 354813 1.11 403 2818 1.18 47712
812 446684 1.04 342 5623 1.12 25254
844 562341 1.00 283 12589 1.03 12251
876 630957 0.97 261 28184 0.95 5957
909 707946 0.90 249 70794 0.87 2595

941 794328 0.80 249 141254 0.76 1474

grains [14]. When temperature was above 876 K, only
one dispersion was observed due to grain boundaries
and the frequency-independent behavior of dc conduc-
tion became dominant. The Arrhenius plots of the grain
and grain boundary conductance are shown in Fig. 5.
The electrical conductivity (o) of the grain and grain
boundary had a linear relationship with temperature in
Arrhenius format. The Arrhenius equation was given by

o = ogexp(—E,/kT) (5)

where o, is a preexponential factor, £, the activation
energy of conduction, & the Boltzmann constant and T
the absolute temperature. The E, of grain (£,) and grain
boundary (£g,) were 0.20 and 1.49 eV, respectively,
which indicated that the relaxation process in grains arose from
hopping electron and that in grain boundaries from the diffu-
sion of oxygen vacancies [15].
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Fig. 4 Frequency dependence of ac electrical conductivity of
Ba4Ti13O30 film
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Fig. 5 Arrhenius plots of grain and grain boundary conductance for
Ba4Ti13O30 film

4 Conclusions

The impedance response of Ba,Tij305¢ film was resolved
into two contributions, which were associated with the
grains and grain boundaries. With increasing temperature,
both R and C decreased. Ry, was much higher than R, and
C, were close to Cgp,. Below 876 K, a step-like behavior was
observed in the ac electrical conductivity plots as functions
of frequency due to two dispersion regions. The low-
frequency dispersion was associated with grain boundaries
and the high-frequency one corresponded to grains. The E,
and Eg, were 0.20 and 1.49 eV, respectively, which indicat-
ed that the relaxation process in grains arose from hopping
electron and that in grain boundaries from the diffusion of
oxygen vacancies.
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