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bstract

n the present work electroceramic thin films of barium strontium titanate (Ba1−xSrxTiO3 – BST) were deposited on stainless steel substrates
y sol–gel technique. Homogeneous Ba0.6Sr0.4TiO3 thin films as well as spatially inhomogeneous BST thin films exhibiting artificial gradients
n composition normal to the growth surface were deposited. Both up- and down-graded BST films were fabricated by depositing successive
ayers with Sr mole fraction x ranging from x = 0.5 to x = 0.3. In the present study the tool of impedance spectroscopy has been used to study the
ielectric properties of BST thin films at room temperature. To analyze the impedance spectroscopy data the Nyquist (Z′′ vs. Z′) plots as well as

he simultaneous representation of the imaginary part of impedance and electrical modulus (Z′′, M′′) vs. frequency were used. Experimental data
ere fitted using the CNLS fitting method. Agreement between experimental and simulated data was established. The data indicated that the thin
lm samples fabricated can be represented by an equivalent circuit with two relaxation frequencies.
2009 Elsevier Ltd. All rights reserved.

h
t
s

2

(
(
m
t
t
(
a
b
r
a

eywords: Films; Perovskites; Impedance; Spectroscopy; Ba1-xSrxTiO3

. Introduction

The lead-free solid solution of barium strontium titanate
Ba1−xSrxTiO3 – BST) is a promising candidate for micro-
lectronic devices that, in a thin film form, can be integrated
o semiconductor technology. BST is a typical ferroelectric

aterial exhibiting the perovskite-type structure, high dielectric
onstant, reasonably low dielectric loss, high dielectric break-
own strength and composition dependent Curie temperature,
hich can be tuned by adjusting the barium-to-strontium ratio.
nother interesting feature of BST is the non-linear behavior of
ielectric properties with respect to applied dc voltage. There-
ore, BST thin films are suitable for tunable microwave devices
perating at room temperature.1

The motivation of the present research was to investigate
ielectric properties of homogeneous Ba0.6Sr0.4TiO3 thin films
s well as spatially inhomogeneous Ba1−xSrxTiO3 thin films

xhibiting artificial gradients in composition (Sr mole fraction
ranging from x = 0.5 to x = 0.3) normal to the growth surface
sing impedance spectroscopy. This heterogeneous system may
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elp to improve the dielectric properties. In this work the BST
hin films of different chemical composition were grown by
pin-coating deposition of metaloorganic solution.

. Experimental procedure

Thin films of barium strontium titanate Ba0.6Sr0.4TiO3
BST6040) as well as compositionally graded Ba1−xSrxTiO3
BST) thin films were fabricated by spin-coating sol–gel
ethod and grown on polished stainless steel substrates. In

his experiment, barium acetate (Ba(CH3COO)2, 99%), stron-
ium acetate (Sr(CH3COO)2, 99%), and tetra-butyl titanate
Ti(OC4H9)4, 97%) were used as starting materials. Glacial
cetic acid (CH3COOH) was used as a catalyst, whereas n-
utanol (CH3(CH2)3OH) was used as a solvent. All above
eagents were of analytic purity. Details of the sol–gel process
nd the deposition procedure have been reported by us elsewhere
e.g.,Ref. 2].

To form a homogeneous film only a Ba0.6Sr0.4TiO3, precursor
as used. However, to form graded films with a compositional

tep-variation normal to the substrate the precursor solutions

tilized were as follows: Ba0.5Sr0.5TiO3, Ba0.6Sr0.4TiO3, and
a0.7Sr0.3TiO3. The graded structure was formed by deposit-

ng successive layers with Sr mole fraction x ranging from
= 0.5 to x = 0.3. Final crystallization of as-deposited BST thin

mailto:czekaj@us.edu.pl
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.036
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Table 1
Estimated values of resistance (Ri), capacitance (Ci), relaxation frequency
(νmax,i) and depression angle (βi) calculated from equivalent electric circuit
parameters and equations Eqs. (7)–(9). The validity of the fitting procedure was
estimated by χ2 and WSS.

BST567 BST765 BST6040

R1 [�] 64616 2.18 × 106 3.69 × 106

C1 [F] 1.39 × 10−8 1.17 × 10−11 3.62 × 10−12

ν1max [Hz] 177 6176 11888
β1 [◦] 5.70 1.79 5.59
R2 [�] 130510 3.44 × 107 3.53 × 106

C2 [F] 4.27 × 10−8 2.86 × 10−12 1.35 × 10−11

ν2max [Hz] 28 1613 3316
β2 [◦] 6.98 4.08 10.39
RS [�] 1.99 – –
L [H] 1.63 × 10−6 – –
W
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SS 3.75 × 10−2 1.54 × 10−2 7.58 × 10−2

2 1.48 × 10−4 7.80 × 10−5 3.86 × 10−4

lms was carried by conventional furnace annealing. For con-
enience, the graded films starting with Ba0.7Sr0.3TiO3 layer at
he film–substrate interface and with a Ba0.5Sr0.5TiO3 layer at
he top surface are called “down-graded” (or BST765) films,
hereas the films with the opposite compositional gradient are

alled “up-graded” (or BST567) films.
For electric measurements the samples were covered with

ilver electrodes by sputtering technique through a shadow mask
o as to define capacitors for electrical testing.

A Solartron 1296 Dielectric Interface and 1260 Frequency
esponse Analyzer were used to carry out the measurements

n a frequency range 10 Hz–10 MHz at room temperature. The
mplitude of the ac perturbation signal was 10 mV.

Data were fitted to the corresponding equivalent circuits with
he program ZView (Scribner Associates, Inc.). The validity of
he fitting procedure was estimated according to the following

ethods: �-squared and the weighted sum of squares, referred
o as χ2 and WSS, respectively3,4 (Table 1). In the present study
e chose a “modulus data weighting”.4

. Results and discussion

BST thin films were grown on stainless steel substrates by
pin-coating of the precursor solution with subsequent thermal
rocessing. Formation of the desired perovskite-type phase was
onfirmed by the analysis of X-ray diffraction patterns for each
ample. Observations of the thin film microstructure and results
f analysis of the chemical composition show that good quality
hin films were obtained by the sol–gel method.2 It is worth
oting that the compositional step-variation formed during the
radation process was not destroyed during the final thermal
rocessing.

Impedance spectroscopy (IS) is a powerful method of charac-
erizing many of the electrical properties of materials and their
nterfaces with electronically conducting electrodes.5 A great

trength of impedance spectroscopy is that, with appropriate
ata analysis, it is often possible to characterize the different
lectrically active regions in a material by demonstrating their
xistence and by measuring their individual electric properties.6

r
r
t
p
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he frequency dependent properties of a material are normally
escribed in terms of any of the formalism expressed as5

omplex impedance : Z∗ = Z′ − jZ′′ = RS − j

ωCS

(1)

Complex admittance :

Y∗ = Y ′ + jY ′′ = 1

RP

+ jωCP = G(ω) + jB(ω) (2)

omplex permittivity : ε∗ = ε′ − jε′′ (3)

omplex modulus : M∗ = (ε∗)−1 = M ′ + jM ′′ = jωC0Z
∗

(4)

nd dielectric loss : tan δ = −Z′

Z′′ = Y ′

Y ′′ = ε′′

ε′ = M ′′

M ′ (5)

here subscripts p and s refer to equivalent parallel and series
ircuit components, ω = 2πf, angular frequency, C0 is capaci-
ance of the cell in vacuum (Z′, Y′, ε′, M′) and (Z′′, Y′′, ε′′, M′′)
re the real and imaginary components of impedance, admit-
ance, permittivity, and modulus, respectively, G: conductance,
: susceptance, and tan δ: dielectric loss.

The above expressions are interrelated with each other and
ffer a wide scope for graphical representation. Each represen-
ation can be used to highlight a particular aspect of the response
f a sample.

The idealized plot (Z′′ vs. Z′), which describes a polycrys-
alline oxide material, often includes three components with
heir corresponding relaxation frequencies. At higher frequen-
ies, the component normally corresponds to the bulk properties
νb), at intermediate frequency the element corresponds to the
rain boundaries (νgb), and at low frequency, we usually have
he electrode processes (νel) or processes occurring at the mate-
ial/electrode interface. Typically, νb is one or two orders of
agnitude higher than νgb and νel is much smaller than νgb

νel � νgb � νb).7,8 In real oxide systems this behavior may be
ather complicated due to the different factors which influence
he bulk and the grain boundary properties—chemical compo-
ition, impurities, ageing, and technological conditions.

When overlapping between processes increases, one may
eed alternative representations such as those based on the
odulus, admittance, and permittivity6, or based on combined

pectroscopic plots of the imaginary components of impedance,
′′ and electric modulus M′′,9,10 or representation of log(tan(δ))
s. log(ν) to reveal the bulk, grain boundary and electrode com-
onents of impedance spectra,11 using the derivative of the
angent of the phase angle to discriminate different electrode
rocesses,8,12 or inspection of alternative Z′ vs. Z′′/ν representa-
ions which is mainly useful to characterize the grain boundary
o electrode transition and to assess the electrode relaxation
requency.13 The derivative dZ′/d(Z′′/ν) may be an alternative

epresentation for materials with a significant distribution of
elaxation frequencies in the grain boundary range, and to reveal
he onset of the bulk and/or electrode terms when the Nyquist
lot is largely dominated by very resistive grain boundaries.13
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ig. 1. Impedance diagram for BST567 (A) BST765 (B) and BST6040 (C)
hin film (open circles, measured data; crosses, Kramers–Kronig transform test
esults). The inset shows results of K–K test in the form of the relative differences
lot.

It is worth remarking that it would be ideal to use only one
ype of representation to obtain both qualitatively the number
f processes and the parameters that characterize them or at
east the relationships between these parameters that could be
sed with other non-linear fitting methods to refine the proposed
ircuit.

In order to extract from impedance measurements as much
nformation as possible the experimental spectra, given in
ig. 1A–C were subjected to a preliminary inspection. Visual
nalysis of the plots of individual IS data have shown that the
xperimental points form smooth curve(s) (Fig. 1, open circles).
he most important aspect is whether the given spectra really

epresents the impedance (proportionality coefficient between

he related electric potential and current). In the present study
he analysis by the Kramers–Kronig (K–K) relations has been
sed to validate the data with the use of the computer program
y Boukamp.14–16

β

w
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The inset of Fig. 1 displays results of K–K test in the form of
he relative differences plot. The resulting “pseudo Chi-squared”
alue is shown in the figure. A random distribution around
he frequency axis indicates that the data is K–K compliant17

Fig. 1A and B). A clear trace, as indicated in the inset of Fig. 1C,
hows that there is non-K–K behavior, however, it is quite small
s the residuals are less than 2%. In Fig. 1 one can see displayed
he combination of the measured data (open circles) and its K–K
ransformation (crosses).

From the visual inspection of IS data, given in Fig. 1, one
an see that the complex plot is in a form of one depressed
emicircle, starting from the origin, making an intercept on the
eal axis with a large radius (and a small tail at low frequen-
ies for BST6040 thin film – Fig. 1C). Therefore, to resolve
he overlapped processes, the combined usage of impedance
nd modulus spectroscopic plots was used, as suggested in the
iterature.9 The advantage of this technique being that the M′′ and
′′ (the imaginary parts of modulus and impedance, respectively)
eaks for a particular RC combination should be coincident on
he frequency scale (ideal Debye case). Hence the power of com-
ined usage of impedance and modulus spectroscopy is that the
′′ plot highlights phenomena with the largest resistance whereas
′′ picks out those with smallest capacitances.
Fig. 2 depicts the simultaneous variation of Z′′ and M′′

ith frequency. A preliminary glance at these plots, shown in
ig. 2A–C, shows that there are departures from the ideal Debye
ehavior. A closer observation of these plots reveals the follow-
ng: (i) for BST567 Z′′ plot peaks at ν = 40 Hz, and M′′ plot
eaks at ν = 200 Hz (Fig. 2A); (ii) for BST765 Z′′ plot peaks at
= 1778 Hz, whereas M′′ plot peaks at ν = 2238 Hz (Fig. 2B),
nd (iii) in the case of BST6040 thin film Z′′ plot peaks at
= 7943 Hz, and M′′ plot peaks at ν = 14125 Hz (Fig. 2C). It is
orth noting that BST567 and BST765 graded thin films have
een prepared at the same processing conditions and they differ
n the direction of the chemical composition gradient.

The elements of an equivalent circuit model represent the var-
ous (macroscopic) processes involved in the transport of mass
nd charge. Equivalent circuits used for impedance spectroscopy
ata simulation in the present study were composed of resistors,
, inductors, L, and constant phase elements, CPE (symbol: Q)

Fig. 3A – for simulation of IS data for BST567 thin film; Fig. 3B
BST765 and BST6040 thin films). In solid materials, a distribu-

ion of relaxation times is usually observed and the capacitance
s replaced by a CPE, which represents more accurately the
ehavior of the grain interior, grain boundary and electrode
rocesses.18 A CPE is characterized by two parameters. The
dmittance Y(ω), of CPE can be defined as follows:

∗(ω) = T (jω)P (6)

here coefficient T and the exponent P (−1 < T < 1) are two
pecific parameters of the CPE. The CPE causes depression of
he ideal semicircle, observed on the complex plane plots by an
ngle:
= (1 − P)
π

2
(7)

here β is the depression angle.
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Fig. 2. Dependence of Z′′ and M′′ on frequency for BST567 (A) BST765 (B)
and BST6040 (C) thin film.
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Fig. 3. Schematic representation of the equivalent circuit used in the dispersion analy
Ceramic Society 30 (2010) 465–470

Results of the simulation performed according to the com-
lex non-linear least squares method (CNLS),14 are given in
ig. 4A–C for BST567, BST765 and BST6040, respectively.
ne can see agreement between the measured and simulated
ata.

After performing the impedance spectroscopy data simu-
ation, the calculated values of the equivalent electric circuit
arameters were then related to the characteristic parameters
f the (macroscopic) processes according to the following
elations3,19:

max = 1

2π(RT )1/P
(8)

= 1

2πRνmax

(9)

here νmax is a relaxation frequency, R and C are resistance and
apacitance of the bulk or grain boundary or electrode processes
ontribution to the impedance data.

Results of the data simulation in a form of estimated param-
ters of the relaxation processes are given in Table 1.

Although the technological conditions of the thin films fabri-
ation were kept identical the measured impedance spectra show
stimated relaxation frequencies in different frequency ranges:
ow frequency range for up-graded BST567 thin film (resis-
ance ∼104 to 105 �, and capacitance ∼10−8 F) and medium
requency range for down-graded BST765 thin film (resis-
ance ∼106 to 107 �, and capacitance ∼10−11 to 10−12 F) and
ST6040 thin film. Taking into consideration the magnitude of

he capacitances8,10 we suppose that the main contribution to
he impedance spectra of up-graded thin film is done by grain
oundaries and/or electrode processes whereas for down-graded
nd BST6040 thin film—the main contribution is done by the
ulk processes.
The difference in the relaxation processes which domi-
ate the dielectric response of the up-graded and down-graded
ST thin films may be understood in terms of the effect
f both grain size and stress induced during grain growth,

sis for BST567 thin film (A) and for BST765 and BST6040 thin films (B).
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ig. 4. Plot of Z′′ vs. Z′ for BST567 (A) BST765 (B) and BST6040 (C) thin film.
ombination of the measured data (circles) and its CNLS-fit (line) is given.

hich significantly depends upon the substrate material used.
specially, the thin films fabricated by the sol–gel technique
re known to exhibit the characteristic of substrate-sensitive
rystallization.20,21 In our study the bottom layer of up-graded
lms (i.e., the Ba0.5Sr0.5TiO3 layer) had served not only as part
f grade film but also as a seeding layer for enhancing fine-
rained crystallization of the subsequent film layers. Therefore,
t is reasonable to suppose that the different crystallization kinet-
cs process is the main cause that the dielectric response of
he down-graded BST765 films at room temperature is domi-
ated by bulk processes whereas for up-graded BST567 films
he main role is played by the grain boundary and/or electrode
rocesses.

The quality of the parameter fit of an equivalent circuit to
set of impedance data can be best seen in a fit quality plot

FQ-plot)14 in which the relative deviations of the real, ΔRe,
nd imaginary part, ΔIm, of the impedance are plotted against
requency (ν) on a log scale (Fig. 5A–C). For a good fit these

eviations should be distributed randomly around the frequency
xis. In our experiment a clear sinusoidal-type trace is seen in
ig. 5, however, the residuals for both up- and down-graded BST

hin films are less than 2%, whereas for BST6040—the residuals

a
e
n

ig. 5. FQ-plot for the final parameter set obtained with the dispersion analysis
rogram for BST567 (A), BST765 (B) and BST6040 (C) thin film.

re less than 5%. In this connection it is worth noting that the
stimations of the validity of the simulations, namely �-squared
χ2) and the weighted sum of squares (WSS), given in Table 1
how rather good quality of the simulations performed in the
ourse of this study. Their values (χ2 ∼ 10−4 to 10−5 and WSS
10−2) are in good agreement with other published results.3

. Conclusions

Thin films of Ba0.6Sr0.4TiO3 as well as both down- and up-
raded BST thin films (Sr content x increasing toward the top
lectrode and toward the bottom electrode, respectively) were
uccessfully grown by sol–gel method on stainless steel sub-
trates. The impedance spectroscopy data validation, both visual
nd performed by Kramers–Kronig test, shows that the measured
ata reflects the sample impedance.
All the samples under investigation have shown two relax-
tion processes at room temperature. The corresponding
quivalent circuits consist of two parallel R-CPE elements con-
ected in series. In case of BST567 thin film the inductance L
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as included in the equivalent circuit to take into consideration
igh frequency contribution, due to the instrumentation.

Results of the simulation show good agreement between the
easured and simulated data. Although the FQ-plots show a

lear sinusoidal-type trace the residuals are less than 5% and
arameters of validation namely, �-squared and the weighted
um of squares are reasonably low.

On the basis of the estimated capacitances and the relax-
tion frequencies we suppose that the main contribution to the
mpedance spectra of up-graded BST thin film is done by grain
oundaries and/or electrode processes whereas for down-graded
nd BST6040 thin film—the main contribution is done by the
ulk processes. However, the authors realize that in case of
erroelectric materials study of thermal dependencies of the
alculated capacitances will be helpful for distinguishing fer-
oelectric components from the non-ferroelectric ones and such
study is planned for compositionally graded barium strontium

itanate thin films.
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