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The frequency dependent electrical parameters, such as impedance, electric modulus, dielectric constant and AC 

conductivity for ferroelectric Ba0.8Sr0.2TiO3 thin film have been investigated within the range of 1 Hz and 106 Hz at room 

temperature. Z* plane shows two regions corresponding to the bulk mechanism and the distribution of the grain 

boundaries-electrodes process. M" versus frequency plot reveals a relaxation peak, which is not observed in the ε″ plot 

and it has been found that this peak is a non-Debye-type. The frequency dependent conductivity plot shows three regions 

of conduction processes, i. e., a low-frequency region due to DC conduction, a mid-frequency region due to translational 

hopping motions and a high-frequency region due to localized hopping and/or reorientational motion. 
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1. INTRODUCTION
∗

 

For the past few years, barium strontium titanate 
(BST) has attracted considerable interest in many 
microelectronic applications such as ferroelectric field 
effect transistors (FeFET), dynamic access random 
memory (DRAM) [1] and infrared detectors [2] due to its 
high dielectric constant, low dielectric loss and relatively 
low leakage current. BST is a solid solution family 
composed of barium titanate and strontium titanate with 
Curie temperature covering a wide range of temperature 
[3, 4]. In BST when strontium ions are introduced at A 
sites of the ABO3 perovskite matrix, many parameters will 
be effected such as the unit cell volume and Curie 
temperature [3], which in turn directly affects on the 
dielectric and conduction mechanism of BST. Between all 
BST family, Ba0.8Sr0.2TiO3 shows relatively strong 
ferroelectric behavior with Curie temperature close to the 
room temperature [5], which gives it advantage over the 
rest of the BST family in many application, in particular, 
for uncooled infrared detectors [2]. 

Impedance spectroscopy has been extensively 
employed in electroceramics, due to its capabilities i) to 
resolve grain boundary from bulk electrical properties, 
ii) to calculate materials constants (conductivity and 
dielectric constant), and iii) to probe the electrical 
homogeneity [6]. Relatively, few studies reported the AC 
impedance spectroscopy for BST in thin film form. 
D. Czekaj et al [7] reported that for a homogenous and 
inhomogeneous BST film, a single depressed semicircle is 
observed. In the current work, sol-gel Ba0.8Sr0.2TiO3 thin 
film is successfully fabricated as a metal-ferroelectric-
metal (MFM) configuration. Different AC electrical 
parameters, such as impedance, electric modulus, dielectric 
constant and AC conductivity, are presented in order to 
correlate the nanostructure of the film with the conduction 
mechanism and dielectric relaxation phenomenon. The 
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measurements were performed using an impedance/gain-
phase analyzer in the frequency range of 1 Hz to 1 MHz at 
room temperature. 

2. EXPERIMENT 

Ba0.8Sr0.2TiO3 solution was prepared using barium 
acetate, strontium acetate and titanium (IV) isopropoxide 
as starting material, the preparation details for the solution 
can be found elsewhere else [1].  

Ba0.8Sr0.2TiO3 solution was deposited on a Pt/SiO2/Si 
substrate via spin-coater at 5000 rpm for 20 seconds, 
followed by baking at 200 °C for 20 minutes and heating at 
500 °C for 30 minutes in order to vaporize the organic 
solvent. The deposition and heating processes were 
repeated until the desirable thickness was obtained. 
Finally, the films were annealed at 800 °C for 1 hour in an 
O2 atmosphere. The film thickness was measured using a 
stylus profilometer and it was found to be 450 nm. 

The crystallization of the film was determined using an 
X-ray diffractometer (XRD) with a CuKα radiation source 
(λ = 1.54 Å), operated at a voltage 40 KV and a current of 
40 mA. The grain size was measured using atomic force 
microscope (AFM) (SPA400, SII Nanotechnology Inc.), 
operated in contact mode. For impedance measurement, 
dots of Al with an area of 7.85 × 10–3 cm2 were deposited 
on top of the film as the top electrode using a shadow 
mask. The impedance and dielectric measurements were 
performed using an impedance gain/phase analyzer 
(Solartron 1260) in the frequency range of 1 Hz to 1 MHz 
at room temperature. 

3. RESULTS AND DISCUSION 

3.1. XRD and AFM analysis 

Fig. 1, a, shows the XRD patterns of Ba0.8Sr0.2TiO3 
film annealed at 800 °C for 1 hour. It can be observed from 
the figure that the diffraction peaks are (100), (110), (111), 
(200), (210) and (211) within the 2θ range from 20° to 60°, 
furthermore,    the   measured   a-axis   and   c-axis   lattice 
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Fig. 1. XRD patterns (a) and  AFM micrograph (b) for Ba0.8Sr0.2TiO3 film 
 

parameters are 3.9805 Å and 4.0173 Å, respectively. This 
indicates that the film is crystallized with the tetragonal 
perovskite structure phase.  

In order to measure the grain size for the film used in 
this work, AFM measurement was carried out for three 
different positions of an area of 2 μm × 2 μm. Fig. 1, b, 
shows a two dimensional AFM micrograph for the 
Ba0.8Sr0.2TiO3 film, it can be seen from the figure that the 
surface quality of the film is relatively good; the average 
value of the grain size for the film is ~95 nm. 

3.2. Ferroelectric analysis 

In order to study the ferroelectric properties for the 
film used in this work, the capacitance–voltage (C–V) 
characteristics have been investigated using a Keithley 
4200 semiconductor parameter analyzer. Fig. 2 shows the 
C–V characteristics for the film at 500 kHz and at room 
temperature.  
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Fig. 2. The capacitance-voltage characteristics of Ba0.8Sr0.2TiO3 

film at room temperature 

The capacitance was measured while a DC bias 
voltage was swept from –7.5 V to +7.5 V and then 
reversed, with a sweeping rate of 0.01 V/s. It is observed 

that the capacitance varies non-linearly with the applied 
voltage. However, a well defined butterfly-shape variation 
with two peaks of the capacitance is observed; these peaks 
are formed as a result of a spontaneous polarization 
switching [8], indicating that the film has a ferroelectric 
nature. Furthermore, an observed asymmetry and shift in 
the C–V curve toward the positive voltage range suggests 
that the films contain mobile negative ions or charges 
accumulated at the interface between the film and the 
electrode. In addition, there is a difference between the 
capacitance values of the two peaks, which may be due to 
some defect in energy levels in the film [9]. 

3.3. Impedance analysis 

AC impedance spectroscopy has been proved to be a 
powerful method to estimate the contribution of the grain, 
grain boundaries and film/electrode effects on the charge 
transport phenomenon in perovskite materials [10]. The 
complex impedance Z*(f) of the BST system can be 
described by the following equation: 

)(")(')(* fjZfZfZ += ,  (1) 

where Z' and Z" represent the real and imaginary part of 
impedance, respectively.  

Fig. 3 (a) and (b) show the variation of the real (Z') 
and imaginary (Z") components of the impedance with 
frequency for the tested film. The magnitude of Z' 
decreases with the increase of frequency, indicating an 
increase in AC conductivity of the film. The variation of 
Z" with frequency reveals that Z" values reach a maximum 
(Z"max), showing a peak. Such behavior indicates the 
presence of relaxation in the system. 

Fig. 4 shows the Nyquist plot of Ba0.8Sr0.2TiO3 film. 
The plot shows a semicircular arc at high frequencies 
responding to the electrical properties of the bulk of the 
film. Whereas, at intermediate and low frequencies, the 
plot shows a depressed semicircle as a response to the 
grain boundaries and film/electrodes interface 
contributions to the polarization mechanism in this range 
of frequencies.  
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Fig. 3. Variation of real (a) and (b) imaginary components of impedance as a function of frequency for Ba0.8Sr0.2TiO3 film 
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Fig. 4. Nyquist plots for Ba0.8Sr0.2TiO3 film  
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Fig. 5. Electric modulus planes for Ba0.8Sr0.2TiO3 film 

In order to resolve the overlapping of the conduction 
mechanisms for the bulk, grain boundaries, and 
film/electrode interfaces in the Nyquist plot, electric 
modulus planes of the film is plotted over the same 
frequency range as shown in Fig. 5. It can be observed that 

M* plot has an inflexion, i. e., minimum value, at high 
frequencies; the small portion exists after this inflexion 
could be attributed to the bulk due to the frequency range 
and it appears in the Nyquist plot as a semicircular arc. 
Further increments in frequency are not possible due to 
hardware limits. In addition, the region between the origin 
and the inflexion, M* shows a semicircular arc and 
depressed semicircle overlapped together, these features 
confirm that Z* plot in this range of frequencies consists of 
two overlapped regions. 

3.4. Dielectric analysis 

The study of the dielectric properties is another 
important source of valuable information about conduction 
processes since it can be used to understand the origin of 
the dielectric losses, the electrical and dipolar relaxation 
time and its activation energy [11].  

The dielectric permittivity was determined from the 
measured values of the impedance using the following 
relation [12] 
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where ε' and ε" are the real and imaginary components of 
the dielectric permittivity, respectively. 

Fig. 6 shows the frequency dependent plot of ε' for 
Ba0.8Sr0.2TiO3 film. It is observed that the value of ε' 
decreases as the frequency increases and attains a constant 
limiting value ε'∞. This can be explained according to the 
behavior of the dipoles movement, the dielectric 
permittivity related to free dipoles oscillating in the 
presence of an alternating electric field. At very low 
frequencies (f < 1/τ, τ is the relaxation time), dipoles follow 
the electric field. As the frequency increases, dipoles begin 
to lag behind the field and ε′ slightly decreases. When the 
frequency reaches the characteristic frequency (f = 1/τ), the 
dielectric constant drops (relaxation process). At very high 
frequencies (f > 1/τ), dipoles can no longer follow the field 
and ε' ≈ ε'∞ [13]. The high values of dielectric constant at 
low frequencies can be explained as the accumulation of 
charges at the grain boundaries and at the interfaces 
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between the sample and the electrode, i. e., space charge 
polarization [14].  
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Fig. 6. Variation of ε′ versus frequency for Ba0.8Sr0.2TiO3 film at 

room temperature  

Fig. 7 shows the frequency dependent of dielectric loss 
ε″ for the tested film at room temperature. The same 
feature for dielectric loss is observed as for dielectric 
constant. There are no appreciable relaxation peaks in the 
frequency range employed in this study. It is believed that 
the ionic conduction may mask any relaxation mechanism. 

10
1

10
2

10
3

10
4

10
5

10
6

0.00

1.80x10
-8

3.60x10
-8

5.40x10
-8

7.20x10
-8

ε
"

Freq, Hz

 
Fig. 7. Variation of ε″ versus frequency for Ba0.8Sr0.2TiO3 film at 

room temperature  

In order to reveal the relaxation peak in ε″ plot, the 
effect of the electrode polarization must be excluded. This 
can be achieved by following the electric modulus 
approach, since the electric modulus corresponds to the 
relaxation on the electric field in the material when the 
electric displacement remains constant. Fig. 8 shows the 
variation of M″ as a function of frequency. It can be seen 
that M" shows a low and unclear peak at low frequency 
~70 Hz attributed to the electrode effect, and a dominated 
peak located in the range of ~50 Hz to 1 kHz, attributed to 
the grain boundaries mechanism. The observed peaks in 
M" plot can explain the arc and the well defined semicircle 
in the M* plot.  

The modulus plot can be characterized by full width at 
half height or in terms of a non-exponential decay 

function. The stretched exponential function is defined by 
the empirical Kohlrausch-Williams-Watts (KWW) 
relationship [15, 16]. 
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Fig. 8. Variation of the M" versus frequency for Ba0.8Sr0.2TiO3 

film 

β
τφ )/()( tef −

=         0 < β < 1, (3)  

where τ is the characteristic relaxation time and β is the 
Kohlrausch parameter, which represents the deviation from 
a Debye-type relaxation (β = 1) and it decreases with the 
increasing of the relaxation time distribution.  

The value of the parameter β is calculated by extract-
ing FWHM of the modulus peaks using β = 1.14/FWHM. 
It has been found that the value of β for the tested film is 
0.95. This indicates that the relaxation process for the 
current sample is of a non-Debye-type. 

3.5. AC conductivity 

The study of frequency dependent conductivity is a 
well-established method for characterizing the hopping 
dynamics of the charge carrier/ions. Fig. 9 shows a typical 
frequency dependence of AC conductivity σ for 
Ba0.8Sr0.2TiO3 film.  
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Fig. 9. AC conductivity σ (f) as a function of frequency for 

Ba0.8Sr0.2TiO3 film at room temperature 

The frequency dependence of AC conductivity is usu-
ally characterized by a power law as given below [17 – 20]. 
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n

AC
Af=σ , (4) 

where A is a temperature-dependent constant and n is the 
frequency exponent, which can be determined from the 
measured results. 

It is observed from Fig. 9 that the curve shows two 
threshold frequencies, f1 and f2, separating the entire varia-
tion into three regions: (i) Low frequencies region, f < f1, in 
which the conductivity is almost frequency-independent, 
and called σDC. (ii) Moderate frequencies region, f1 < f < f2; 
the conductivity increases linearly with the frequency. The 
value of n is obtained by fitting σ versus f plots in this 
region, which is found to be 0.51, i. e. 0 < n < 1. This 
reveals that the conduction mechanism in this region 
corresponds to the translational hopping motion [18, 20]. 
(iii) High frequencies region, f > f2, as well the 
conductivity increases linearly with the frequency. In this 
region the n value is 1.77, i. e. 1 < n < 2, which reveals that 
the conduction mechanism in this range of frequency 
corresponds to the well-localized hopping and/or 
reorientational motion [18, 20].  

4. CONCLUSION 

The frequency dependent electrical parameters, such 
as impedance, electric modulus, dielectric constant and AC 
conductivity for Ba0.8Sr0.2TiO3 thin film have been 
investigated within the range of 1 Hz and 106 Hz. Z* plane 
shows two regions corresponding to the bulk mechanism 
and the distribution of the grain boundaries-electrodes 
process. M″ versus frequency plot reveals a relaxation 
peak, which is not observed in the ε″ plot and it has been 
found that this peak is a non-Debye-type. The frequency 
dependent conductivity plot shows three regions of 
conduction processes, i. e., a low-frequency region due to 
DC conduction, a mid-frequency region due to transla-
tional hopping motions and a high-frequency region due to 
localized hopping and/or reorientational motion. 
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