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Abstract

In the present work electroceramic thin films of barium strontium titanate (Ba,_,Sr,TiO; — BST) were deposited on stainless steel substrates
by sol-gel technique. Homogeneous Bag ¢Sr(4TiO5 thin films as well as spatially inhomogeneous BST thin films exhibiting artificial gradients
in composition normal to the growth surface were deposited. Both up- and down-graded BST films were fabricated by depositing successive
layers 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
dielectric properties of BST thin films at room temperature. To analyze the impedance spectroscopy data the Nyquist (Z” vs. Z') plots as well as
the simultaneous representation of the imaginary part of impedance and electrical modulus (Z”, M") vs. frequency were used. Experimental data
were fitted using the CNLS fitting method. Agreement between experimental and simulated data was established. The data indicated that the thin

film samples fabricated can be represented by an equivalent circuit with two relaxation frequencies.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The lead-free solid solution of barium strontium titanate
(Baj_,Sr, TiO3 — BST) is a promising candidate for micro-
electronic devices that, in a thin film form, can be integrated
to semiconductor technology. BST is a typical ferroelectric
material exhibiting the perovskite-type structure, high dielectric
constant, reasonably low dielectric loss, high dielectric break-
down strength and composition dependent Curie temperature,
which can be tuned by adjusting the barium-to-strontium ratio.
Another interesting feature of BST is the non-linear behavior of
dielectric properties with respect to applied dc voltage. There-
fore, BST thin films are suitable for tunable microwave devices
operating at room temperature.l

The motivation of the present research was to investigate
dielectric properties of homogeneous Bag ¢Sty 4TiO3 thin films
as well as spatially inhomogeneous Baj_,Sr,TiO3 thin films
exhibiting artificial gradients in composition (Sr mole fraction
x ranging from x=0.5 to x=0.3) normal to the growth surface
using impedance spectroscopy. This heterogeneous system may
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help to improve the dielectric properties. In this work the BST
thin films of different chemical composition were grown by
spin-coating deposition of metaloorganic solution.

2. Experimental procedure

Thin films of barium strontium titanate BaggSro4TiO3
(BST6040) as well as compositionally graded Baj_,SryTiO3
(BST) thin films were fabricated by spin-coating sol-gel
method and grown on polished stainless steel substrates. In
this experiment, barium acetate (Ba(CH3COO),, 99%), stron-
tium acetate (Sr(CH3COO),, 99%), and tetra-butyl titanate
(Ti(OC4Ho)4, 97%) were used as starting materials. Glacial
acetic acid (CH3COOH) was used as a catalyst, whereas n-
butanol (CH3(CH3)30H) was used as a solvent. All above
reagents were of analytic purity. Details of the sol-gel process
and the deposition procedure have been reported by us elsewhere
[e.g.,Ref. 2].

To form a homogeneous film only a Bag ¢Sr¢ 4 TiO3, precursor
was used. However, to form graded films with a compositional
step-variation normal to the substrate the precursor solutions
utilized were as follows: Bag 5SrgsTiO3, Bag ¢Srg4TiO3, and
Bag 7Sr03TiO3. The graded structure was formed by deposit-
ing successive layers with Sr mole fraction x ranging from
x=0.5 to x=0.3. Final crystallization of as-deposited BST thin
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Table 1

Estimated values of resistance (R;), capacitance (C;), relaxation frequency
(Vmax,i) and depression angle (B;) calculated from equivalent electric circuit
parameters and equations Egs. (7)—(9). The validity of the fitting procedure was
estimated by x> and WSS.

BST567 BST765 BST6040
Ry [Q] 64616 2.18 x 10° 3.69 x 10°
Ci [F] 1.39%x 1078 1.17 x 1071 3.62 x 10712
Vimax [Hz] 177 6176 11888

Bi [°] 5.70 1.79 5.59

Ry [Q] 130510 3.44 x 107 3.53 x 100
C, [F] 427 x 1078 2.86 x 10712 1.35x 1071
Vomax [Hz] 28 1613 3316

B2 [°] 6.98 4.08 10.39

Rs [Q] 1.99 - -

L[H] 1.63 x 107 - -

WSS 3.75 x 1072 1.54 x 1072 7.58 x 1072
X2 1.48 x 104 7.80 x 1073 3.86 x 104

films was carried by conventional furnace annealing. For con-
venience, the graded films starting with Bag 7Srp 3TiO3 layer at
the film—substrate interface and with a Bag 5Srg 5TiO3 layer at
the top surface are called “down-graded” (or BST765) films,
whereas the films with the opposite compositional gradient are
called “up-graded” (or BST567) films.

For electric measurements the samples were covered with
silver electrodes by sputtering technique through a shadow mask
so as to define capacitors for electrical testing.

A Solartron 1296 Dielectric Interface and 1260 Frequency
Response Analyzer were used to carry out the measurements
in a frequency range 10 Hz—10 MHz at room temperature. The
amplitude of the ac perturbation signal was 10 mV.

Data were fitted to the corresponding equivalent circuits with
the program ZView (Scribner Associates, Inc.). The validity of
the fitting procedure was estimated according to the following
methods: x-squared and the weighted sum of squares, referred
to as x” and WSS, respectively>* (Table 1). In the present study

we chose a “modulus data weighting”.*

3. Results and discussion

BST thin films were grown on stainless steel substrates by
spin-coating of the precursor solution with subsequent thermal
processing. Formation of the desired perovskite-type phase was
confirmed by the analysis of X-ray diffraction patterns for each
sample. Observations of the thin film microstructure and results
of analysis of the chemical composition show that good quality
thin films were obtained by the sol-gel method.? It is worth
noting that the compositional step-variation formed during the
gradation process was not destroyed during the final thermal
processing.

Impedance spectroscopy (IS) is a powerful method of charac-
terizing many of the electrical properties of materials and their
interfaces with electronically conducting electrodes.’ A great
strength of impedance spectroscopy is that, with appropriate
data analysis, it is often possible to characterize the different
electrically active regions in a material by demonstrating their
existence and by measuring their individual electric properties.®

The frequency dependent properties of a material are normally
described in terms of any of the formalism expressed as’

J

Complex impedance : Z*=27'—jZ"=Rs— ——— (1)
wCyg
Complex admittance :
1
Y=Y 4 Y = o 4 joCp = Gl@) + jB() Q)
P
Complex permittivity :  &* =&’ — j&’ 3)
Complexmodulus :  M* = (¢*) ' = M + jM" = joCyZ*
4)
_ Z/ Y/ 8// M//
and dielectricloss :  tand = = 5)

7Y e oW
where subscripts p and s refer to equivalent parallel and series
circuit components, o =27nf, angular frequency, Cp is capaci-
tance of the cell in vacuum (Z', Y, ¢/, M) and (Z", Y, ", M")
are the real and imaginary components of impedance, admit-
tance, permittivity, and modulus, respectively, G: conductance,
B: susceptance, and tan §: dielectric loss.

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

The idealized plot (Z” vs. Z'), which describes a polycrys-
talline oxide material, often includes three components with
their corresponding relaxation frequencies. At higher frequen-
cies, the component normally corresponds to the bulk properties
(vp), at intermediate frequency the element corresponds to the
grain boundaries (vgp), and at low frequency, we usually have
the electrode processes (ve]) or processes occurring at the mate-
rial/electrode interface. Typically, vy is one or two orders of
magnitude higher than vg, and vey is much smaller than vgy,
(Ve1 K vgp K vb).7’8 In real oxide systems this behavior may be
rather complicated due to the different factors which influence
the bulk and the grain boundary properties—chemical compo-
sition, impurities, ageing, and technological conditions.

When overlapping between processes increases, one may
need alternative representations such as those based on the
modulus, admittance, and permittivity6, or based on combined
spectroscopic plots of the imaginary components of impedance,
7" and electric modulus M” %10 or representation of log(tan(s))
vs. log(v) to reveal the bulk, grain boundary and electrode com-
ponents of impedance spectra,!’ using the derivative of the
tangent of the phase angle to discriminate different electrode
processes,!? or inspection of alternative Z' vs. Z/v representa-
tions which is mainly useful to characterize the grain boundary
to electrode transition and to assess the electrode relaxation
frequency.!® The derivative dZ'/d(Z"/v) may be an alternative
representation for materials with a significant distribution of
relaxation frequencies in the grain boundary range, and to reveal
the onset of the bulk and/or electrode terms when the Nyquist
plot is largely dominated by very resistive grain boundaries.'3
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Fig. 1. Impedance diagram for BST567 (A) BST765 (B) and BST6040 (C)
thin film (open circles, measured data; crosses, Kramers—Kronig transform test
results). The inset shows results of K—K test in the form of the relative differences
plot.

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

In order to extract from impedance measurements as much
information as possible the experimental spectra, given in
Fig. 1A—C were subjected to a preliminary inspection. Visual
analysis of the plots of individual IS data have shown that the
experimental points form smooth curve(s) (Fig. 1, open circles).
The most important aspect is whether the given spectra really
represents the impedance (proportionality coefficient between
the related electric potential and current). In the present study
the analysis by the Kramers—Kronig (K-K) relations has been
used to validate the data with the use of the computer program
by Boukamp. 410

The inset of Fig. 1 displays results of K-K test in the form of
the relative differences plot. The resulting “pseudo Chi-squared”
value is shown in the figure. A random distribution around
the frequency axis indicates that the data is K—K compliant!”
(Fig. 1A and B). A clear trace, as indicated in the inset of Fig. 1C,
shows that there is non-K—K behavior, however, it is quite small
as the residuals are less than 2%. In Fig. 1 one can see displayed
the combination of the measured data (open circles) and its K-K
transformation (crosses).

From the visual inspection of IS data, given in Fig. 1, one
can see that the complex plot is in a form of one depressed
semicircle, starting from the origin, making an intercept on the
real axis with a large radius (and a small tail at low frequen-
cies for BST6040 thin film — Fig. 1C). Therefore, to resolve
the overlapped processes, the combined usage of impedance
and modulus spectroscopic plots was used, as suggested in the
literature.” The advantage of this technique being that the M” and
7" (the imaginary parts of modulus and impedance, respectively)
peaks for a particular RC combination should be coincident on
the frequency scale (ideal Debye case). Hence the power of com-
bined usage of impedance and modulus spectroscopy is that the
7" plothighlights phenomena with the largest resistance whereas
M" picks out those with smallest capacitances.

Fig. 2 depicts the simultaneous variation of Z” and M”
with frequency. A preliminary glance at these plots, shown in
Fig. 2A-C, shows that there are departures from the ideal Debye
behavior. A closer observation of these plots reveals the follow-
ing: (i) for BST567 Z" plot peaks at v=40Hz, and M" plot
peaks at v=200Hz (Fig. 2A); (ii) for BST765 Z" plot peaks at
v=1778 Hz, whereas M" plot peaks at v=2238 Hz (Fig. 2B),
and (iii) in the case of BST6040 thin film Z” plot peaks at
v=7943 Hz, and M" plot peaks at v=14125 Hz (Fig. 2C). It is
worth noting that BST567 and BST765 graded thin films have
been prepared at the same processing conditions and they differ
in the direction of the chemical composition gradient.

The elements of an equivalent circuit model represent the var-
ious (macroscopic) processes involved in the transport of mass
and charge. Equivalent circuits used for impedance spectroscopy
data simulation in the present study were composed of resistors,
R, 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-
tion of relaxation times is usually observed and the capacitance
is replaced by a CPE, which represents more accurately the
behavior of the grain interior, grain boundary and electrode
processes.!® A CPE is characterized by two parameters. The
admittance Y(w), of CPE can be defined as follows:

Y*() = T(jo)* (©6)

where coefficient 7 and the exponent P (—1<T< 1) are two
specific parameters of the CPE. The CPE causes depression of
the ideal semicircle, observed on the complex plane plots by an
angle:

—(1-P~ (7
p= > )

where B 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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Results of the simulation performed according to the com-
plex non-linear least squares method (CNLS),'* are given in
Fig. 4A-C for BST567, BST765 and BST6040, respectively.
One can see agreement between the measured and simulated
data.

After performing the impedance spectroscopy data simu-
lation, the calculated values of the equivalent electric circuit
parameters were then related to the characteristic parameters
of the (macroscopic) processes according to the following

relations>1?:
1
v = 8
max Zﬂ(RT)l/P ( )
1
= ©)
27 RV;0x

where v, is a relaxation frequency, R and C are resistance and
capacitance of the bulk or grain boundary or electrode processes
contribution to the impedance data.

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

Although the technological conditions of the thin films fabri-
cation were kept identical the measured impedance spectra show
estimated relaxation frequencies in different frequency ranges:
low frequency range for up-graded BSTS567 thin film (resis-
tance ~10* to 10° 2, and capacitance ~1078 F) and medium
frequency range for down-graded BST765 thin film (resis-
tance ~10° to 107 €, and capacitance ~10~1 o 10712 F) and
BST6040 thin film. Taking into consideration the magnitude of
the capacitances®!? we suppose that the main contribution to
the impedance spectra of up-graded thin film is done by grain
boundaries and/or electrode processes whereas for down-graded
and BST6040 thin film—the main contribution is done by the
bulk processes.

The difference in the relaxation processes which domi-
nate the dielectric response of the up-graded and down-graded
BST thin films may be understood in terms of the effect
of both grain size and stress induced during grain growth,

R2

—

—A

R2

—__

Q2

_I:I_

Fig. 3. Schematic representation of the equivalent circuit used in the dispersion analysis for BST567 thin film (A) and for BST765 and BST6040 thin films (B).
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Fig. 4. Plotof Z" vs. Z for BST567 (A) BST765 (B) and BST6040 (C) thin film.
Combination of the measured data (circles) and its CNLS-fit (line) is given.

which significantly depends upon the substrate material used.
Especially, the thin films fabricated by the sol-gel technique
are known to exhibit the characteristic of substrate-sensitive
crystallization.?%2! In our study the bottom layer of up-graded
films (i.e., the Bag 551 5TiO3 layer) had served not only as part
of grade film but also as a seeding layer for enhancing fine-
grained crystallization of the subsequent film layers. Therefore,
itis reasonable to suppose that the different crystallization kinet-
ics process is the main cause that the dielectric response of
the down-graded BST765 films at room temperature is domi-
nated by bulk processes whereas for up-graded BST567 films
the main role is played by the grain boundary and/or electrode
processes.

The quality of the parameter fit of an equivalent circuit to
a set of impedance data can be best seen in a fit quality plot
(FQ-plot)14 in which the relative deviations of the real, Age,
and imaginary part, Ay, of the impedance are plotted against
frequency (v) on a log scale (Fig. 5A—C). For a good fit these
deviations should be distributed randomly around the frequency
axis. In our experiment a clear sinusoidal-type trace is seen in
Fig. 5, however, the residuals for both up- and down-graded BST
thin films are less than 2%, whereas for BST6040—the residuals
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Fig. 5. FQ-plot for the final parameter set obtained with the dispersion analysis
program for BST567 (A), BST765 (B) and BST6040 (C) thin film.

are less than 5%. In this connection it is worth noting that the
estimations of the validity of the simulations, namely x-squared
(x%) and the weighted sum of squares (WSS), given in Table 1
show rather good quality of the simulations performed in the
course of this study. Their values (x>~ 10~ to 107> and WSS
~1072) are in good agreement with other published results.>

4. Conclusions

Thin films of Bag ¢Srg 4TiO3 as well as both down- and up-
graded BST thin films (Sr content x increasing toward the top
electrode and toward the bottom electrode, respectively) were
successfully grown by sol—gel method on stainless steel sub-
strates. The impedance spectroscopy data validation, both visual
and performed by Kramers—Kronig test, shows that the measured
data reflects the sample impedance.

All the samples under investigation have shown two relax-
ation processes at room temperature. The corresponding
equivalent circuits consist of two parallel R-CPE elements con-
nected in series. In case of BST567 thin film the inductance L
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was included in the equivalent circuit to take into consideration
high frequency contribution, due to the instrumentation.

Results of the simulation show good agreement between the
measured and simulated data. Although the FQ-plots show a
clear sinusoidal-type trace the residuals are less than 5% and
parameters of validation namely, x-squared and the weighted
sum of squares are reasonably low.

On the basis of the estimated capacitances and the relax-
ation frequencies we suppose that the main contribution to the
impedance spectra of up-graded BST thin film is done by grain
boundaries and/or electrode processes whereas for down-graded
and BST6040 thin film—the main contribution is done by the
bulk processes. However, the authors realize that in case of
ferroelectric materials study of thermal dependencies of the
calculated capacitances will be helpful for distinguishing fer-
roelectric components from the non-ferroelectric ones and such
a study is planned for compositionally graded barium strontium
titanate thin films.
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