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Abstract—Films of the composition Ba ¢St ,TiO5 (BST 80/20) are synthesized on a silicon substrate by the
method of the high-frequency sputtering of a polycrystalline target. The results of investigations of the film
composition, the electrophysical properties of capacitor structures based on them, and the dependence of
these properties on the material (Al, Cu, Ni, Cr) of the upper electrode are presented.
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1. INTRODUCTION

Nonvolatile memory is the basic component of
modern computers, digital cameras, mobile phones,
or smartphones [1]. The difference between modern
approaches to the development of nonvolatile mem-
ory is the use of new physical principles of information
storage. One of the most relevant in the research con-
text for future devices using nonvolatile memory is
FeRAM (ferroelectric random-access nonvolatile
memory or ferroelectric nonvolatile memory with
random access to cells) [2]. The operating principle of
FeRAM is based on a change in the polarization of a
ferroelectric film, which leads to the opening or clos-
ing of a conductive channel in the metal—ferroelec-
tric—semiconductor (MFEP) structure. The advan-
tage of MFEP structures is the ability to vary the sur-
face potential of the semiconductor by only
controlling the polarization, thereby implementing
the operations of reading, writing, or deleting infor-
mation [3].

The quality of the metal—ferroelectric and ferro-
electric—semiconductor interfaces determines the
shape of the C—V characteristic of the MFEP struc-
ture [4, 5], and, therefore, the controllability of the
semiconductor surface potential. Therefore, it is
important to understand how the material of the metal
field electrode affects the properties of interphase
boundaries and, thus, the electrophysical characteris-
tics of MFEP structures. This study is devoted to
investigating these problems.

2. TECHNOLOGY OF PRODUCING MFEP
STRUCTURES AND THEIR STRUCTURAL
INVESTIGATIONS

For the investigations, we fabricated MFEP struc-
tures representing a metallic upper electrode, a
Ba, ¢St , TiO5 (BST) ferroelectric film, and a (100) sil-
icon substrate of p-type conductivity. The ferroelectric
film (330 %= 15) nm thick was deposited onto the sili-
con substrate by the high-frequency sputtering of a
polycrystalline target in an oxygen atmosphere using a
Plasma-50SE installation (Russia). The film-deposi-
tion process included two stages. At the first stage, the
synthesis process was carried out in oxygen, which
continued for 20 min. The substrate temperature
during synthesis was maintained at (620 = 5)°C. The
second stage consisted of heat treatment of the film in
an oxygen atmosphere. For this purpose, the high-fre-
quency (HF) generator was turned off, the vacuum
valve was closed, and the oxygen pressure in the cham-
ber was increased to 10* Pa. Further, the sample was
cooled to room temperature for 2 h.

To control the quality of the BST ferroelectric film,
we investigated the elemental composition by the
Rutherford backscattering (RBS) of He* ions (energy
of £, = 1.6 MeV) in an experimental installation of the
analytical ion-beam complex Sokol-3 [6, 7].

We analyzed the experimental RBS spectrum

recorded in the course of investigating the BST film
and the theoretical RBS spectrum obtained as a result
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Fig. 1. (1) Theoretical and (2) experimental RBS spectra of
He" ions (Ey = 1.6 MeV) for the BST film. Arrows mark
the energy of ion scattering at atomic nuclei located on the
sample surface. Division value is 3.2 keV/channel.

of approximation using the RUMPP computer pro-
gram [8]. The analysis showed that the RBS spectrum
of the film contains atoms of barium (Ba), strontium
(Sr), titanium (Ti), and oxygen (O) (Fig. 1). The
approximation required a theoretical RBS spectrum in
the form of the spectrum of a two-layer structure with
slightly different layer compositions. The RBS spec-
trum itself consists of two peaks in the high-energy
region, a stepwise rise in scattering, and an additional
peak at the step in the diagram under observation. The
energies corresponding to the scattering of helium ions
at atomic nuclei located on the surface of the sample
under study are indicated by the corresponding
arrows.

The first high-energy peak in the spectrum is asso-
ciated with the scattering of ions at the nuclei of Ba
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and Sr atoms. The next peak reflects the presence of Ti
atoms in the BST film. The step in the spectrum is the
result of ion scattering at the nuclei of silicon (Si) of
the substrate. The peak observed at the step is associ-
ated with scattering at oxygen nuclei. The distribution
of elements in two layers into which we had to divide
the film to obtain satisfactory approximation is pre-
sented in Table 1.

We determined the BST-film thickness using an
SU5000 scanning electron microscope (SEM). The
SEM image of a BST-film cleavage taken at an angle
of 45° is shown in Fig. 2a. From this, we found a film
thickness of (330 £ 15) nm.

The surface of thin BST films was visualized in the
contact scanning mode on an Ntegra Prima atomic-
force microscope (AFM) (NT-MDT, Russia) using a
CSG10/Pt cantilever. The BST-film structure was
characterized by an average grain size of ~(40—75) nm
and a root-mean-square (rms) surface roughness of
~4 nm (Fig. 2b). The BST film was morphologically
uniform; there were no extraneous contaminants and
inclusions on the film surface.

To investigate the electrophysical properties of the
structures, the upper electrodes were formed on the
surface of the ferroelectric film, which were deposited
by the electron-beam method through a shadow mask
on an A700QE/DI12000 installation (Germany). The
area of the electrodes was ~2.7 x 10~* cm?, and the
thickness was (0.1 = 0.01) um. Samples of four types
were obtained depending on the electrode material—
copper (Cu), nickel (Ni), chromium (Cr), and alumi-
num (Al).

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The C—V characteristics and the dielectric-loss
tangent tand were measured using an automated
experimental installation [9] by an Agilent E4980A
precision LCR meter.

In Fig. 3, we show the C—V characteristics C(V}) of
the MFEP structures measured at room temperature
at a frequency of 100 kHz and normalized to the high-
est value C,,, of the capacitance. The samples were
supplied with a bias voltage V, from —20 to +20 V and
vice versa at a field-sweep rate of 0.75 V/s.

The dependences of the capacity of the MFEP
structures on the bias voltage were in the form of a hys-

Table 1. Distribution of elements in the BST film obtained as a result of theoretical approximation of the RBS spectrum of

He* ions

Layer number Thickness, nm

Element content, at %

Ba Sr Ti (0] Note
170 0.78 0.23 0.97 3.2 -
2 150 0.75 0.27 1.03 3.3 The presence of Si is possible, ~0.15
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Fig. 2. Images of the BST film obtained by (a) SEM and (b) AFM.
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Fig. 3. C—V characteristics of MFEP structures measured at a frequency of 100 kHz at room temperature. Upper electrode: (1) Al,
(2) Cu, (3) Ni, and (4) Cr.
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Table 2. Values of the ratio of the maximum sample capacity to the minimum one and the width of the C—V-characteristic
hysteresis loop depending on the material of the upper electrode

Electrode Ratio of the maximum capacity Loop Electrode
to the minimum one width, V- | work function, eV [11] specific resistance, 10-% 0 m [12]
Al 4.18 4.5 421 >3
Cu 4.56 4 4.36 175
Ni 5.1 3.6 4.95 2.7
Cr 3.85 3.3 4.60 57

teresis loop with a width from 3.3 V (Cr) to 4.4 V (Al)
(see Table 2) depending on the material of the field
electrode of the sample. It is known [10] that the C—V
characteristics should be shifted relative to each other
along the abscissa by a value equal to the difference
between the work functions of the corresponding met-
als for structures with the same dielectric and substrate
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Fig. 4. Frequency dependences of (a) the capacity and

(b) the dielectric-loss tangent of MFEP structures. Upper
electrode: (/) Al, (2) Cu, (3) Ni, and (4) Cr.

parameters differing only in terms of the materials of
the upper electrode; i.e., this shift should not exceed
0.74 V for this case (see Table 2). Here, a shift of the
C—V characteristics of >3 V was observed; this may be
due to the presence of built-in charge in the ferroelec-
tric film and charge due to both structural defects in
BST and surface states at the interphase boundaries.
The most pronounced and asymmetric shift of the
characteristic (+2.7 V) was observed for the structure
with a field electrode made of Cr. When comparing
the experimental C—V characteristics of the samples
with different materials of the field electrode both in
the slope of the characteristic, its symmetry, and in the
width of the hysteresis loop, the structures with a Ni
electrode were most attractive.

Table 2 lists the values of certain parameters of the
characteristics of the MFEP structures obtained as a
result of processing the measured C—JV characteristics.
The highest value (5.11) of the ratio of the maximum
sample capacity to the minimum value was observed
for the structure with a Ni electrode, and the lowest
ratio (3.85), for the structure with the Cr electrode.

In Fig. 4, we show the frequency dependences of
the capacity (Fig. 4a) and the dielectric loss tangent
(Fig. 4b) of the MFEP structures measured at room
temperature and the constant bias voltage V,= —20 V.
For all samples, the capacity values decreased with
increasing frequency. The largest drop in capacity was
observed in the structure with the Ni electrode, and
the smallest, in the structure with the Cu electrode.

The frequency dependences of the dielectric-loss
tangent for the MFEP structures were identical and
showed an increase with frequency. In the frequency
range of 10—80 kHz, the curves were almost parallel to
the abscissa axis, and in the range of 80—1000 kHz,
they turned into a sharp increase. The tangent of the
dielectric-loss angle was ~0.02 in the frequency range
of 10—80 kHz and increased to ~0.14 in the range of
80—1000 kHz.

In Fig. 5, we show the plotted temperature depen-
dences of the capacity at V, = —20 V for measurements
ofthe C—V characteristics of the MFEP structures at a
frequency of 100 kHz. The C—V characteristics were
measured in the temperature range from 22°C to
125°C.

With increasing temperature, a decrease in the
capacity of all the structures was observed. The mea-
surements performed showed that the structures with
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Fig. 5. Plotted temperature dependence of the sample
capacity at V, = —20 V when measuring the C—V charac-
teristics. Upper electrode: (/) Al, (2) Cu, (3) Ni, and
(4) Cr.
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Fig. 6. Dependence of the ratio of the maximum sample
capacity (Cy,y) to the minimum one (C;,) on the num-
ber of switching cycles. Upper electrode: (/) Al, (2) Cu,
(3) Ni, and (4) Cr.

Al, Cu, and Ni electrodes are more thermally stable
than the structures with Cr electrodes.

In Fig. 6, we show the dependences of the ratio of
the maximum capacity of the MFEP structures to the
minimum capacity on the number of switching cycles.
The samples were cyclically supplied with a bias volt-
age V, from —20 to + 20 V. The test was carried out
with 10° switching cycles.

It is shown that, the values of C,,,/Ci, did not
change after 3 x 103 cycles of switching of the MFEP
structures. After 3 x 10° and up to 10° switching cycles,
the values of the ratios of the maximum sample capac-
ity to the minimum one changed for all structures

SEMICONDUCTORS Vol. 54

No. 11 2020

1449

practically the same, but by no more than 15%. It is
planned that further investigations of the changes in
these ratio values for the number of switching cycles
exceeding 10 will be conducted. The results will be
reflected in further studies.

4. CONCLUSIONS

The investigations carried out showed that the
structures represent the features of behavior of the
considered materials from which the contact pads are
made. Thus, for each material of the field electrode, its
own niche can be determined when fabricating MFEP
structures and devices based on them for a new gener-
ation of the element base of modern electronics taking
into account the cost of materials and the manufactur-
ability. For example, instead of using expensive and
technologically complex rare-earth metals, it is possi-
ble to use a combination of well-known and techno-
logically advanced materials.
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