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Abstract: The structural properties of ferroelectric films of barium titanate-stannate on alumina
substrates and the microwave characteristics of planar capacitive elements based on them are studied.
It is established that the composition of the gas medium and the temperature of the substrate during
the deposition of the film has a significant effect on the crystal structure, phase composition of
the films and their electrical characteristics. Planar capacitors based on films subjected to high-
temperature annealing after deposition exhibit 85% tunability at a frequency of 2 GHz, which is the
best result for today.

Keywords: ferroelectrics; microwave properties; barium titanate-stannate; electrical tunable dielec-
tric; XRD; Q-factor

1. Introduction

Ferroelectric thin-film materials (FE) demonstrate high nonlinearity of dielectric prop-
erties (the dependence of the permittivity on the strength of the applied electric field),
which makes them promising materials for electrically tunable devices of microwave elec-
tronics. The advantages of ferroelectrics at microwaves are: high dielectric nonlinearity;,
relatively low losses, shirt switching time (~10~!! s), high operating power with low energy
consumption in control circuits and high radiation resistance [1-10].

Among the ferroelectrics studied today, the most attractive for use at microwaves are
perovskite oxide materials, which are capable of forming multicomponent solid solutions
whose electrophysical properties can be changed in broad limits [11-14]. The most studied
ferroelectric material for microwave applications is barium-strontium titanate Ba,Sr;_4TiO3
(BST) [3-5], in which the formation of a solid solution occurs due to the substitution of A-site
atom in ABOj; perovskite structure. At the same time, there are a number of ferroelectrics,
in which the formation of a solid solution occurs due to the B-site substitution [15,16].
Among them the barium titanate-stannate BaTixSn; O3 (BTS) is a potentially promising
material for electrically tunable applications. Depending on the ratio of the concentrations
of Ti and Sn atoms, the value of the relative dielectric permittivity of BTS solid solution in
the maximum can reach significant values (2-3) x 10* [15]; the introduction of chemically
more stable Sn atoms into a solid solution instead of Ti can lead to a decrease in through
conductivity and dielectric losses, to a significant increase in the electrical strength of the
material, and, as a result, to the possibility of increasing the applied electric field and
increasing the dielectric nonlinearity [16]. A number of papers have been published that
investigate the structural and electrophysical properties of BTS thin films [15-34], including
works dedicated to microwave investigations [25,34,35]. The studied films were obtained by
chemical solution deposition [22,23,36], ion-plasma sputtering [17-19,29,30,34,35], sol-gel
technology [24-28,31,32] and laser ablation [33]. In the vast majority of works, experimental
data on dielectric losses in FE capacitive structures are given for the frequency range of
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1 kHz-1 MHz. These data do not allow us to draw a conclusion about the applicability of
the obtained films at microwaves.

In addition, it should be noted that the high dielectric nonlinearity of capacitive
elements based on the studied films (tunability up to 72%) is demonstrated exclusively
in plane-parallel metal-dielectric-metal (MDM) structures, i.e., in cases when the film
is formed on a conducting electrode [22-24,28-30,33,35], while in works devoted to the
growth of FE layers on dielectric materials data on tunability from 15 to 46% are
given [25-27,31,32,34,36], and only on expensive monocrystal substrates. The design
of MDM capacitors allows the use of small control voltages to change the capacitance, but
exactly because of it, the use of such structures is possible only in small-signal devices.
However, one of the main potential advantages of FE devices over semiconductor ana-
logues, namely the ability to operate at high power levels, can only be realized in a planar
design on a dielectric substrate.

Therefore, more investigations are necessary in order to obtain enhanced tunability of
BTS thin films on dielectric substrates with high Q-factor and low cost.

As one such substrate material, polycrystalline aluminum oxide can be proposed.
Alumina has excellent mechanical and dielectric properties: surface roughness of about
0.05 pm, thermal coefficient of linear expansion 8 x 10~®, which is close to BTS one, high
thermal conductivity coefficient of about 30 W/m x K, stable dielectric permittivity 9.7,
low losses at microwaves (tan & < 107%), and extremely low cost.

In this regard, the purpose of this work is to search for technological approaches
that allow to obtain thin layers of barium titanate-stannate, showing high nonlinearity, on
alumina substrate, to study the structure and high-frequency dielectric properties of thin
BTS layers grown at various temperatures, with the aim of their further application as part
of high-power microwave nonlinear elements.

2. Materials and Methods

The deposition of coatings was carried out by RF magnetron sputtering of a ceramic
target of the composition BaTip §Sng O3 on alumina substrates (polycrystalline aluminum
oxide Al,O3). The temperature of the substrate Ts was varied in the range of 650-850 °C.
A mixture of Ar/O, was used as the working gas, the oxygen content in the mixture was
varied from 0 to 40%. The working gas pressure was 2 Pa. The thickness of the films was
400 nm and 800 nm. After deposition, the films were annealed at a temperature of 1100 °C
in air for 2 h.

The crystal structure and phase composition of the films were studied by X-ray diffrac-
tion using a DRON-6 diffractometer on the CuKal emission spectral line (A = 1.5406 A).
The parameters of the crystal lattice of BTS films were calculated based on the angular
positions of X-ray reflexes, using reflections from the substrate as a reference. The sur-
face morphology was studied by atomic force microscopy (AFM) on a scanning probe
microscope Solver-P47Pro from NT-MDT in a semi-contact mode. The scanning resolution
was 512 x 512 pixels. Cantilevers of the NSGO01 type with an average resonant frequency
of 150 kHz and an average radius of curvature of the tip of 6 nm were used. Before the
measurements the device was calibrated using NT-MDT TGS1 test grids.

For electrical research, planar capacitors were formed on the basis of BTS films. The
upper electrodes of the capacitors were made by thermal evaporation of a Cu film (1 pum)
with an adhesive chromium sublayer, followed by lithography and chemical etching. The
capacitance C- and Q-factor Q = 1/tan § of the capacitors were measured at a frequency of
2 GHz using a half-wave strip resonator [37] and HP 8719C vector analyzer. The resonator
provides an unloaded Q-factor of 1000 (the accuracy of measuring the capacitance and
Q-factor is 1 and 5%, respectively), as well as the possibility of supplying a control voltage
up to 1000 V. The tunability of the capacitors was calculated as the ratio of capacitances
at zero and maximum applied control voltage n = C (0 V)/C (Umax), and additionally as
1 = (Cmax — Cmin)/ Cmax in order to compare results with other works.
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3. Results

The electrical characteristics of multicomponent films are determined by the crystal
structure of the material, the component and phase composition, the size of the crystallites,
the presence of impurity phases and deformations of the crystal lattice. These factors
significantly affect the dielectric permittivity of FE films, as well as the nonlinearity, losses
and performance of devices based on them. For the development of ferroelectric microwave
devices, it is important to understand the relationship between the structural and electrical
properties of films and the technological conditions of their formation.

The results of recent studies indicate a significantly different effect of the composition
of the gas medium in which the formation of FE film occurs on their structural properties
and phase composition. Thus, the perovskite crystal structure of barium-strontium titanate
without secondary phases is confidently formed in a purely oxygen medium on sapphire,
silicon carbide, magnesium oxide, etc. On the other hand, it is noted in [34,38] that attempts
to form FE film with substitution of Ti by Zr or Sn atoms on dielectric substrates in an
oxygen-rich gas medium lead to the formation of a multiphase structure consisting of
purely dielectric barium zirconates or barium stannates and secondary phases with a high
content of titanium—simple oxides and barium polytitanates (BaTi;Os, BaTi5O11, etc.). This
can be explained by the kinetics of Ti oxidation in a medium with a high oxygen content,
when the rate of formation of secondary phases of titanium significantly exceeds the rate
of formation of ferroelectric BaTiOs. In this case, the absence of free Ti on the substrate
surface may cause the formation of pure barium zirconates/stannates. The situation is
complicated by the fact that many titanates have a similar crystal structure [39-41], which
often leads to the overlap of diffraction reflections from different phases and complicates
their identification. Each of these compounds has its own permittivity ¢ and the dependence
¢ (T), which can affect the electrophysical properties of the ferroelectric device as a whole. It
follows that for the formation of single-phase films of barium titanate-stannate on dielectric
substrates by deposition from the gas phase, the oxygen content in the working gas should
not exceed 50%.

Figure 1 shows the diffractograms of BTS films deposited on alumina at a substrate
temperature of Ts = 650 °C and at different concentrations of oxygen in the working gas. At
the angles 32°, 39°, 45°, 55°, the dotted lines on the left correspond to the positions of the
reflexes for pure barium stannate, the lines on the right correspond to the barium titanate,
the reflexes from the substrate are marked with diamonds (PDF 46-1212). Three factors
draw attention to themselves. (i) In pure argon, the structure of perovskite is practically not
formed. (ii) For films deposited in a medium containing 40% oxygen in a gas mixture, the
positions of the reflexes correspond to BaSnO3 with the lattice parameter 4.12 A, without
signs of the presence of a solid solution. The probable cause of the formation of the
dielectric barium stannate may be the presence of impurity phases of titanium oxides on
the substrate, the possible positions of XRD reflexes from which are marked in Figure 1
with red and blue dotted lines (PDF 21-1272 TiO, Anatase; PDF 8-117 TiO; PDF 29-1360
TiO, Brookite; PDF 34-133 BaTiyOs), similar to [34,38]. (iii) The reflexes from the BTS phase
in Figure 1 are significantly shifted towards large angles when the oxygen content in the
gas medium decreases from 40 to 20%, that for polycrystalline samples means a change in
the composition of the solid solution (the ratio of Ti and Sn) according to the Vegard’s law
(see the inset in Figure 1) [42]. The deposition of the BTS film in a gas medium containing
20% oxygen leads to the formation of (211) textured coating with the lattice parameter
4.09 A, which corresponds to the composition BaTip 285ng 7203 solid solution.
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Figure 1. Diffractograms of the BTS thin films on Al,O3 substrates deposited at different oxygen
concentrations in gas ambient.

Figure 2 demonstrates diffractograms of BTS films deposited on alumina in the sub-
strate temperature range of Ts = 650-850 °C in a gas mixture of Ar (80%)/O; (20%). The
dotted lines correspond to the positions of the reflexes for BaTig gSng O3 sputtered target.
It is seen that an increase in the deposition temperature leads to a change in the growth tex-
ture from (211) to (110), as well as to a shift of reflexes towards large angles, which indicates
a decrease in the lattice parameter of films from 4.09 A til1 4.07 A, and, hence, an increase
in the concentration of barium titanate in a solid solution from 28% (BaTig 28Sng 7203) to
40% (BaTig 45n(¢03), and an approach of the component composition of the film to the
composition of the sputtered target (see the inset in Figure 2). At a temperature of 850 °C,
the film solid solution reveals the pronounced preferential orientation (110). However,
despite the positive trend of increasing the content of BaTiOj3 in solid solution with increas-
ing Ts, stoichiometric transfer of the target composition into the film by increasing the
deposition temperature cannot be achieved. It can be assumed that secondary phases rich
in titanium are still present in the films, the content of which decreases with an increase in
the deposition temperature.

Figure 3 shows the diffractograms of the above-described BTS films but subjected to
high-temperature annealing in air at a temperature of 1100 °C for two hours. Post-growth
high-temperature treatment radically changes the structural properties of the studied films.
During annealing, titanium is redistributed between the secondary phases and the main
phase of BTS, as a result of which the composition of the film solid solution after annealing
repeats the composition of the BaSng Tig gO3 target with the lattice parameter 4.03 A (see
inset with reflex (211) in Figure 3). In addition, for films deposited at Ts = 650 and 700 °C,
annealing leads to an increase in the intensity of the reflex (111), and for films grown at
Ts = 800 and 850 °C, to a decrease in the width of the dominant reflex (110), which indicates
an improvement in the quality of the crystal lattice of the coatings under study:.
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Figure 2. Diffractograms of the BTS thin films on Al,O3 substrates at different substrate temperatures.
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Figure 3. Diffractograms of the BTS thin films on Al,O3 substrates at different substrate temperatures
after annealing at 1100 °C in air.

Figure 4 shows the AFM images of the surface of the studied samples before and
after annealing. The linear substrate defects typical for polycrystalline aluminum oxide
are clearly visible in the image before annealing, indicating that the film repeats the
morphology of the substrate. The grains dimension of the non-annealed sample is about
150-300 nm (Figure 4a) and the surface roughness is about 20-30 nm (Figure 4b). According
to the Figure 4c, as a result of annealing, the structure of the film surface becomes finer
grained, the grain dimensions decrease to 50-150 nm, the grain boundaries become more
pronounced, and the surface roughness decreases to 10-15 nm (Figure 4d).



Appl. Sci. 2021, 11, 7367

6 of 10

o nm
60 /
607 | \
50 50: f l
h | \ "M\\‘
40 . | |
0 A f \\ f \i Jf !V\ \ ,// \
\\ ] ’
30 Yo / \
30 / l\f‘\r\"/ \)‘ \ ;\\ f \\/
{ YoEA \ n
‘ VA | ol
20 sithel] W |
\J} \ ]{\ \
10 . M\ \
0_
0 1 2 3 4 um
(b)
nmi] nmf
45 60
40
35 50 :
30 10|
| i
25 " ij \ ﬂ j\ ] r’/ L
30 ' g'.f’ ‘U ,‘ 1
20 fl"m_ [‘\’ ("i\ :\r (.‘ ”,"\ i f, \ ’mﬂ‘
15 1 NJ { \f\' s \ : 4"( i \[ \V [
201 “ e S | J v
10 |’“\ ‘JI‘ Voo J | If A '
5 10; 4} '-f\yflj
0
0 1 2 3 4 pum
(d)

Figure 4. ACM images of BTS films on alumina before (a,b) and after (c,d) annealing.

Planar capacitors are formed on the basis of BTS films deposited in a gas medium
Ar(80%)/0,(20%) at different substrate temperatures. The dependences of the capacitance
normalized by the maximum value of the capacitors under study on the strength of the
control electric field are shown in Figure 5. It follows from the figure that the capacitor based
on the non-annealed film exhibits minimal tunability, which is explained by the composition
of the solid solution BaTip4Sng¢O3, most of which is a linear dielectric BaSnOj3;. The
tunability of capacitors formed on the basis of annealed films of BaTip gSny O3 composition
depends on film thickness. For films of 400 nm thickness, it increases from 2.8 to 3.4 with an
increase in the deposition temperature from 650 to 850 °C. The tunability of capacitor based
on 800 nm film is 6.8 times (85%), which is the best result for BTS capacitors today. For a
capacitor with a planar structure, the total capacitance is composed of three components:
air, BTS film and substrate. In this configuration, tunability only comes from BTS film since
the substrate shows no tunability, being the linear dielectric. Then the thickness of the FE
film will affect the tunability, because in the case of a thin FE film, some part of the field
will penetrate into the substrate with a low dielectric constant.
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Figure 5. Dependencies of the capacitances of the BTS films based planar capacitors on control
electric field strength.

The dependences of the Q-factor of the same capacitive structures on the strength of
the control field, measured at a frequency of 2 GHz, are shown in Figure 6. Three groups
of curves can be distinguished here. (1) The relatively high Q-factor of a capacitor based
on a non-annealed film is explained by 60% of barium stannate in a solid solution. (2) The
Q-factor of capacitors based on films deposited at a temperature of 800 °C and above
increases from 10 to 55-60 under the action of an applied field, which can be explained
by their well-formed predominantly oriented crystal structure (see Figure 3). (3) The low
Q-factor of capacitors based on films formed at substrate temperatures of 650-700 °C is
due to the polycrystalline structure of these films when the grain boundaries make an
additional contribution to the dielectric losses of the capacitor.
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Figure 6. Dependencies of the Q-factor of the BTS based planar capacitors on control electric
field strength.
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4. Discussion

Table 1 presents comparative data on the tunability of MDM and planar capacitors
based on barium titanate-stannate films. It follows from the table data that the capacitors
obtained in this work exhibit high dielectric nonlinearity in the microwave range, which is
the best result published today for both sandwich and planar capacitive structures based on
BTS films. Three factors can determine such a high tunability: the predominantly oriented
crystal lattice of the sample deposited at a substrate temperature of more than 800 °C; the
component composition of a solid solution with a high content of nonlinear barium titanate,
obtained as a result of annealing; the absence of impurity phases of linear dielectrics in the
high tunability sample. These results indicate an attractive prospect for electrically tunable
applications of BTS capacitive structures in microwave electronics.

Table 1. Data on the tunability of MDM and planar capacitors based on barium titanate-
stannate films.

Composition Substrate Construction Tunability, % Reference
BaTig g55n9.1503 Pt/Si MDM 66 [15]
BaTig.g55n0.1503 Pt/Si MDM 65 [16]
BaTiO,75 Sn0,25 03 Cu MDM 50 [20]
BaTi0_85Sn0‘1503 LaNiO3 /LaAlO3 MDM 68 [24]
BaTi0_85 Sn0_15 03 LaNiO3 /LaAlO3 MDM 43 [22]
BaTig 55001505  LaNiO3/SrTiOs3 MDM 45 [22]
BaTi0_85Sn0‘1503 LaNiO3 /MgO MDM 50 [22]
BaTi0_85 Sn0_15 03 LaNi03 /A12 03 MDM 57 [22]
BaTiO,85Sn0,15O3 LaNiO3 /Sl MDM 54 [26]
BaTi0_85 SI‘I()_1503 1TO/ glass MDM 58 [1 7]
BaTi.g55n9.1503 Pt/Si MDM 72 [18]
BaTiO,g5Sn0,15O3 Cu MDM 67 [19]
BaTi0_85 Sno_1503 LaAlO3 planar 17 [23]
BaTi.g55n9.1503 MgO planar 15 [29]
BaTip g55n0.1503 Sapphire planar 20 [25]
BaTi0_85 SI‘I()_1503 LaAlO3 planar 46 [34]
BaTi0,85 Sn0_1503 SI‘TiO3 planar 46 [30]

BaTigp gSng O3 Alumina planar 85 This work

5. Conclusions

The results of the conducted studies have shown that when BTS films are deposited
on dielectric substrate in a gas medium with an oxygen content of 40% or more, the main
phase formed on the substrate is pure barium stannate, with the probable presence of
secondary titanium oxides, which determines the absence of nonlinear dielectric properties
of these films. The films deposited in the gas mixture Ar/O, 80/20 are a solid solution of
BaTixSn;_4O3 with a composition and growth orientation depending on the deposition
temperature. BTS films subjected to high-temperature annealing in air have a well-formed
crystal lattice at the absence of secondary phase inclusions, their component composition
repeats the composition of the target, which has a positive effect on their electrophysical
properties, in particular on the nonlinearity and the level of dielectric losses. A comparison
of the results obtained with the literature data showed that planar BTS structures on
alumina exhibit promising characteristics for an elaboration of high-power microwave
tunable devices based on them.
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