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Abstract—The effect of the synthesis temperature on the microstructure and the electrophysical properties of
metal–dielectric–semiconductor structures based on ferroelectric films of the composition Ba0.8Sr0.2TiO3
upon the formation of p-type silicon substrates with [100] orientation is studied. It was experimentally estab-
lished that an increase in the synthesis temperature leads to an improvement in the dielectric and piezoelec-
tric properties of ferroelectric films. The temperature stability and stability in the behavior of the capaci-
tance–voltage characteristics of MIS structures on the number of switching cycles are shown.
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1. INTRODUCTION
Recently, the prospects of creating a new genera-

tion of information processing and storage devices
based on metal–dielectric–semiconductor (MIS)
structures have been associated with the use of new
structural materials both in composition and in struc-
ture. Ferroelectric materials are of great interest as
structural materials in MIS structures for nonvolatile
memory devices [1].

The solid solutions of barium–strontium titanate
(Ba1 – xSrxTiO3) are a promising composition of ferro-
electrics for use in nonvolatile memory devices. The
composition of Ba1 – xSrxTiO3 has ferroelectric prop-
erties at room temperature. The dielectric constant of
thin Ba1 – xSrxTiO3 films remains almost unchanged
over a wide temperature range [2].

In this paper the effect of the synthesis temperature
on the microstructure and electrophysical properties
of MIS structures based on Ba0.8Sr0.2TiO3 films
formed on p-type silicon substrates is studied.

2. MATERIALS AND METHODS
OF THE EXPERIMENT

For studies, MIS structures were made, which are
a p-type silicon substrate with an orientation of [100]
and a thickness of 300 ± 10 μm, a ferroelectric film of
the composition Ba0.8Sr0.2TiO3 (BST), and an upper

electrode made of nickel. A ferroelectric film with a
thickness of 350 ± 25 nm was deposited on a silicon
substrate by high-frequency sputtering at the Plasma-
50SE installation (Russia). The design of the installa-
tion and the technique of film deposition are given in
[3, 4]. The temperature of the substrate during the
synthesis was 560°C (BST560) and 620°C (BST620).
The upper nickel electrode was deposited onto the
ferroelectric film by the electron beam method
through a shadow mask on an A700QE/DI12000
installation (Germany). To improve nickel adhesion to
the ferroelectric film, the structure was heated to
100 ± 5°C during deposition. Nickel deposition rate
2.0 ± 0.1 Å/s. The area of the nickel electrodes was
2.7 × 10–4 cm2, and the thickness was 0.1 μm.

An X-ray diffraction study showed that for all sam-
ples a parallel arrangement of the axes of the film and
the substrate was observed in the conjugation plane
([100] BST || [100] p-Si).

The topography of the BST films was obtained in
the contact mode using a MFP-3D SA scanning probe
microscope (Asylum Research, USA) using a CSG10
cantilever (NT-MDT, Russia). The processes of local
repolarization and residual piezoelectric hysteresis
loops were obtained using piezoelectric response force
microscopy (MFP) using an Asyelec-02 cantilever
(Asylum Research, USA). Image processing and anal-
ysis implemented in the program Gwyddion.
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Fig. 1. Images of the surface of the films: (a) BST560 and
(b) BST620.
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Fig. 2. Autocorrelation function profiles (symbols) and
their approximation (lines) for the studied BST films.
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Studies of the electrophysical properties of the
obtained MIS structures were carried out on an auto-
mated measuring bench [5] using a precision Agilent
E4980A LCR meter, a laptop computer with modified
software, and a special camera equipped with a heat-
stabilizing table. The effective permittivity of MIS
structures is determined on the basis of measurements
carried out by the method described in [6, 7].

3. RESULTS AND DISCUSSION

3.1. Scanning Probe Microscopy

In Fig. 1, the topography images of BST films syn-
thesized at temperatures of 560 and 620°C are pre-
sented. It can be seen from the obtained topographic
images that the films are formed from crystallites
(grains). The root mean square surface roughness
(Rms) was 3.8 and 4.3 nm for the BST560 and BST620,
respectively. To quantify the grain size (correlation
length ξ), we used the autocorrelation function
method described in detail in [8]. Figure 2 shows the
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result of approximating the correlation function to
determine the average grain size in ferroelectric films.
Calculations showed that for BST560 the average grain
size was 47 nm, and for BST620 ξ = 53 nm.

In the investigated MIS structures, local polariza-
tion switching is observed under the action of a con-
stant voltage. In Fig. 3a, the induced piezoelectric
response signal for a BST560 film is presented as an
example of the effect of repolarization. The induced
macrodomain regions were created by scanning the
film with a constant voltage applied to a conductive
cantilever, which played the role of the upper elec-
trode. Thus, two polarized regions with an area of
8 × 8 μm (“bright region”—polarization at +25 V)
and 4 × 4 μm (“dark region”—polarization at –25 V)
were created by the potential. The resulting induced
domains are stable for several hours of continuous
scanning.

Using the polarization switching spectroscopy
module in the MFP mode, it becomes possible to
obtain the residual piezoelectric hysteresis loops
(Fig. 3b) and thereby study the effect of local polariza-
tion switching at the nanoscale. It was experimentally
established that the BST620 film is characterized by
higher values of the piezoelectric coefficient (d33 ≈
147 pm/V at +20 V) compared to BST560. The value of
the effective piezoelectric coefficient obtained by us
agrees with the theoretical work [9], in which the non-
linear thermodynamic model was used to calculate the
piezoelectric coefficient in BST epitaxial films
depending on the composition (Ba/Sr), misfit strains,
and temperature.

In addition, for the films under study, the piezo-
electric hysteresis loops have an asymmetric shape,
which may be due to the presence of a built-in electric
field or to the internal bias field caused by oxygen
vacancies and space charge in the case of horizontal
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Fig. 3. Signal of the induced piezoelectric response of the
BST560 film (a), the residual piezoelectric hysteresis loops
for the studied films (b).
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Fig. 4. Capacitance–voltage characteristics of the MIS
structures BST560 (curves 1, 2) and BST620 (curves 3, 4),
measured at room temperature at a frequency of 100 kHz.
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Fig. 5. Frequency dependences of the capacitance and
dielectric loss tangent of the MIS structures BST560
(curves 1, 3) and BST620 (curves 2, 4), measured at a con-
stant bias voltage Vg = –20 V.
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bias of the hysteresis loop [10]. The vertical displace-
ment is due to different materials of the cantilever
(Ti/Ir) and the lower electrode (Si), which affects the
contact potential difference between them [11].

2.2. Electrophysical properties

In Fig. 4, the capacitance–voltage characteristics
(CVC) of the MIS structures BST620 and BST560, mea-
sured at room temperature at a frequency of 100 kHz
are presented. A bias voltage Vg from –20 to +20 V
(curves 1, 3) and vice versa (curves 2, 4) was applied to
the sample with a step of 0.25 V and a measurement
signal amplitude of 25 mV with a data reading speed of
3 points per second.

The dependences of the capacitance on the bias
voltage are in the form of a loop (hysteresis). The loop
width for both MIS structures is 7 ± 0.2 V. The vertical
axis of symmetry of the loop of structures is shifted
PHY
toward Vg  +2.6 V. The shift of the loop relative to the
point Vg = 0 V could be due to the presence of an inter-
nal electric field in the ferroelectric film, the appear-
ance of which is due to differences in the structure and
charge state of the Si/BST interface.

In the structure of BST620, the CVC loop has a
more symmetrical shape (see Fig. 4, curves 3, 4) than
in the structure of BST560 (see Fig. 4, curves 1, 2). This
suggests a more stable behavior of the BST620 struc-
ture.

The structures of the BST620 are characterized by
higher capacitance values compared to similar struc-
tures of the BST560. The maximum capacitance values
were observed at Vg ≈ –20 V and amounted to 63 pF
and 78 pF for BST560 and BST620, respectively.

In Fig. 5, the frequency dependences of the capac-
itance and dielectric loss tangent of the MIS structures

�
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Fig. 6. Temperature dependences of the capacitance of the
MIS structures BST560 (curves 1, 3) and BST620 (curves 2, 4).
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Fig. 7. Capacitance–voltage characteristics of the BST620
structure depending on switching cycles.
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BST620 and BST560 measured at room temperature and
a constant bias voltage Vg = –20.0 V are presented. In
both samples, capacitances decrease with increasing
frequency. In this case, the structure of BST620
(curve 2) demonstrates higher capacitance values in
the range 1–1000 kHz than the structure of BST560
(curve 1).

The graph of the frequency dependence of the
dielectric loss tangent for both objects is identical and
has the form of a straight line parallel to the abscissa
axis in the range 1–70 kHz, turning into a sharp
increase in the range 70–1000 kHz. The value of the
dielectric loss tangent on average for both curves is
0.02 in the frequency range 1–70 kHz and increases to
0.17 in the range 70–1000 kHz.

In Fig. 6, the temperature dependences of the
sample capacitance at Vg = 20 V (curves 1, 2) and Vg =
–20 V (curves 3 and 4) are presented from the tem-
perature dependences of the CVC of the MIS struc-
tures. The CVC of the objects were measured in the
voltage range from –20 to + 20 V in the temperature
range from 23 to 120°C at a frequency of 100 kHz.

With increasing temperature, a slight decrease in
the capacitance is observed for the BST620 structure at
Vg = –20 V. On the contrary, the capacitance of the
BST560 structure does not change at Vg = –20 V and
increases insignificantly at Vg = +20 V. This circum-
stance allows us to conclude that the structure of the
BST560 is more thermostable compared to the struc-
ture of the BST620.

In Fig. 7, the CVC of the BST620 structure in
depending on switching cycles are presented. A voltage
of 5 V with an interval of 0.1 s was applied to the sam-
ple for 0.1 s. 10000 cycles (on/off) were conducted.
The CVC were measured after 5000 and 10000 switch-
ing cycles.
PHYSICS OF THE SOLID STATE  Vol. 62  No. 3  2020
It was found that after 5000 cycles of switching the
structure of the BST620, the capacitance value and the
shape of the curve do not change. After 10000 switch-
ing cycles, the capacitance value also does not change,
but a slight narrowing of the loop by 0.3 V to the right
is observed.

CONCLUSIONS
The investigations indicated the influence of the

synthesis temperature of thin BST films on the dielec-
tric characteristics of MIS structures based on them. It
was established that the samples synthesized at a tem-
perature of 620°C have higher capacitance values
(and, correspondingly, permittivity) in comparison
with structures obtained at 560°C.

The results obtained by the MFP method are con-
sistent with dielectric measurements: with increasing
synthesis temperature, both the dielectric and piezo-
electric characteristics of BST 80/20 films increase.

It was found that the CVC of the BST620 structure
after 5000 switching cycles remain unchanged.
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