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Abstract: (Sr,Ba)Nb2O6 (SBN) relaxor ferroelectric thin films exhibiting nonlinear properties promis-
ing for microwave applications were grown on a polycrystalline aluminum oxide substrate for the first
time. Films of good crystallinity were obtained using the sputtering technique and high-temperature
annealing. For all films, a significant change in the phase composition after high-temperature treat-
ment was observed, and annealing provided a different effect on the phase composition of films
deposited at different substrate temperatures. Tunable properties of the SBN films were investigated
as a function of the deposition temperature and annealing conditions using planar capacitors with
microwaves. The capacitor based on the strontium barium niobate film deposited at a temperature of
950 ◦C and subjected to annealing demonstrates a tunability of 44% and a loss tangent of 0.009 ÷ 0.022,
which is expressed in the microwave commutation quality factor of 1740. This is the first successful
attempt to form planar capacitive structures based on SBN films, which reveal a commutation quality
factor above 1000 for tunable microwave applications.

Keywords: ferroelectrics; microwave properties; strontium barium niobate; electrical tuning

1. Introduction

Ferroelectrics (FE) are characterized by a strong dependence of the dielectric per-
mittivity on the external electric field, which makes them potential candidates for use
in tunable microwave devices. Capacitors, delay lines, filters, and phase shifters can be
realized on the basis of ferroelectric materials [1–3]. To implement FE microwave devices, a
functional material is needed, which simultaneously exhibits high dielectric nonlinearity
and a low level of losses at microwaves. The search for such a material stimulates the study
of various ferroelectrics at frequencies above 1 GHz. Dielectric and tunable properties of
ferroelectric solid solutions of lead zirconate titanate [4], barium zirconate titanate [5], and
barium stannate titanate [6] have already been studied. The most investigated ferroelectric
solid solution for microwave applications is considered to be strontium barium titanate
BaxSr1−xTiO3 (BST) [7]. At the same time, there are a number of ferroelectric materials
where, instead of titanium, other metal ions act as the key ion of the unit cell. It is known
that the nonlinear reaction of the dielectric permittivity of ferroelectrics to an external elec-
tric field is due to the displacement of the central cation relative to the oxygen octahedron.
The radius of this ion directly affects the dielectric properties of the ferroelectric material. In
this case, strontium barium niobate SrxBa1−xN2O6 (SBN) looks more attractive compared
to BST in terms of the dielectric nonlinearity, since the smaller niobium ion provides a
greater ionic displacement than the titanium one (RNb = 0.69 Å < RTi = 0.75 Å) [7,8]. In
addition, strontium barium niobate in thin film form exhibits high permittivity values at
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relatively low losses at microwaves [9], which makes it promising as a nonlinear material
of tunable microwave devices.

To date, multicomponent oxide films of high structural perfection on various sub-
strates have been obtained using laser deposition [10], chemical vapor deposition [11],
physical sputtering of stoichiometric targets [12,13], liquid phase epitaxy [14], and sol-gel
technology [15,16]. However, it should be noted that thin films, including epitaxial ones,
often exhibit worse electrical properties compared to a bulk crystal [17]. The reasons for the
decrease in dielectric nonlinearity, deterioration of losses, and increase in leakage current
of thin films may be a dead layer on the film–substrate interface [18], internal stresses in
epitaxial films [19], and poor electrical conductivity of oxide-conducting electrodes [20]. To
improve the electrical characteristics of FE films, high-temperature annealing of deposited
films [21,22], strain engineering [23,24], and structuring of FE layers are used [25,26]. How-
ever, despite the fact that epitaxial FE films are confidently formed on structurally matched
monocrystalline substrates such as MgO, SrTiO3, and LaAlO3, the best microwave charac-
teristics, which have not been improved to date, have been demonstrated on polycrystalline
films deposited by the magnetron sputtering technique [27,28].

It is known that strontium barium niobate has excellent electro-optical, pyroelec-
tric, and photorefractive properties. There are many publications devoted to the above-
mentioned properties of SBN, summarized, for example, in reviews [29,30]. At the same
time, much fewer articles are devoted to the study of the dielectric and tunable properties
of strontium barium niobate [31]. Today, studies on the dielectric properties of SBN films
grown on silicon [32,33], magnesium oxide [9,34], and strontium titanate substrates [35,36]
have been published. The vast majority of the mentioned publications provide data on
the dielectric properties of SBN films in the frequency range of 1–100 kHz. Moreover, the
high dielectric nonlinearity (more than 40% tunability) in these works is demonstrated
exclusively in plane-parallel capacitive structures [33,34], which cannot be used at a high
level of operating power [37].

In the few works dedicated to the growth of SBN layers on dielectrics, as well as the
study of their microwave properties [9,38], single-crystal MgO and LaAlO3 are used as
substrates. The choice of substrates similar in structure to the deposited material makes
it possible to obtain oriented films; however, both lanthanum aluminate and magnesium
oxide are not optimal substrates for microwave applications: LaAlO3 due to high cost and
anisotropy of properties, and MgO due to hygroscopicity and degradation of properties
over time. In addition, the planar capacitive structures formed in these studies demonstrate
relatively low tunability values from 10 to 35%. Therefore, additional investigations are
required to obtain SBN thin films of high tunability on a dielectric substrate. As one of such
substrate material, polycrystalline aluminum oxide Al2O3 can be considered. Alumina is
a commercially used substrate that has excellent mechanical and dielectric properties, a
thermal coefficient of linear expansion close to SBN one, low losses at microwaves (tan
δ < 10−4 at 10 GHz), and extremely low cost [39]. According to our data, today, there is no
information in the literature about successful attempts to grow SBN films with dielectric
properties acceptable for microwave applications on alumina substrate.

In this connection, the aim of this work is to investigate the technological conditions in
which the growth of thin strontium barium niobate films with high tunable properties on an
alumina substrate is possible, to study the structural properties of the films depending on
growth conditions, and the electrical properties of SBN planar capacitors, with the purpose
of their further application in electrically tunable microwave devices.

2. Experimental
2.1. Sample Preparation

The deposition of SBN films was carried out by the radio frequency magnetron sput-
tering of a ceramic target of the composition Sr0.75Ba0.25Nb2O6 on alumina substrates. The
target was made from a mixture of pre-synthesized barium and strontium niobates at the St.
Petersburg Institute “Ferrite-Domain”. Chemically pure powders BaNb2O6 and SrNb2O6
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synthesized at the Moscow Institute of General Physics were used as starting materials for
the target preparation. The film deposition conditions were as follows: the target surface
was cleaned of contamination by sputtering away from the substrate; the temperature of
the substrate Ts was varied in the range of 650–950 ◦C; and the substrate was heated by a
resistive heater. Pure oxygen was used as the working gas, since during the crystallization
of an SBN-type structure in gas mixtures, a deficiency of oxygen may occur with the forma-
tion of oxygen vacancies, which negatively affects the dielectric characteristics [34]. The
working gas pressure P was ranged from 2 to 10 Pa. The deposition time of island films
was 60 s at a working gas pressure of 10 Pa. Solid SBN films were deposited for 4 h, and the
thickness of the films was 600 nm. The deposition of the solid films was started at 10 Pa,
which was reduced until 2 Pa for the first 30 min of growth. After the deposition process
was completed, the films were annealed in air at atmospheric pressure for 60 min at an
annealing temperature of Tan = 1000 ◦C.

2.2. Structure Investigation

The beginning stages of the formation of SBN films were studied by the method of
scattering medium-energy ions (MEIS). To determine the structure of the island films, the
surface of the samples was bombarded with a monoenergetic flow of helium ions with
an energy of 227 keV. Spectra of backscattered He+ ions were obtained for island films
investigated. By comparing experimental and model spectra, the geometric dimensions of
the islands, the area of the substrate covered by islands, and the elemental content of the
films were determined.

The phase composition of the obtained SBN films was monitored using X-ray diffrac-
tion phase analysis (XRD) on a DRON-6 diffractometer using CuKα radiation (1.54 Å).
Measurements were carried out in continuous mode at diffraction angles from 20◦ to 60◦

with a scanning speed of 2◦/min. Crystal phases were identified using the PDF-2 powder
diffractometry database. The elemental composition of the samples and the uniformity
of the component distribution were studied by scanning electron microscopy (SEM) on
a Teskan Mira 3 microscope using a scintillation-type detector of reflected electrons. To
remove the induced charge from the dielectric surface, a thin layer of carbon was deposited
onto the surface under study. The elemental composition was analyzed in real time using
an integrated energy dispersion spectrometer (EDS).

2.3. Electrical Measurements

For electrophysical measurements, planar capacitive structures were formed on the
base of SBN films. To form a capacitor, a layer of copper with an adhesive chromium
sublayer was applied to the surface of the SBN film by thermal evaporation in vacuum. The
configuration of the electrodes with a gap width of 5 µm was formed by photolithography
and chemical etching. Capacitance C and quality factor Q = 1/tan δ of capacitors were
measured at 2 GHz using a half-wave strip resonator. The unloaded Q-factor of the
resonator was 1000, ensuring the accuracy of capacitance and Q-factor measurements of
1% and 5%, respectively. The resonator design provides the ability to supply a control
voltage up to 1000 V. Bias voltage applied to a capacitor was varied within 0–300 V that
corresponded to a control field strength of E ≈ 0–60 V/µm. The tunability of the capacitors
was calculated as the ratio of capacitances at zero and the maximum applied control electric
field strength n = Cmax(0 V/µm)/Cmin(Emax), and additionally as n = (Cmax − Cmin)/Cmax.

3. Results and Discussion
3.1. Initial Stages of SBN Film Growth

The source of important information necessary for understanding the mechanisms of
thin film growth is found in the study of the initial stages of their formation. It is known
that the conditions under which the film originates on the substrate significantly affect the
orientation and dimensions of the crystallites, stoichiometry, and the presence of inclusions
of secondary phases [25,26]. The mechanisms of mass transfer at the initial stage of film
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growth, which are key in understanding the nucleation and formation of films as a whole,
are determined by the lifetime of adatoms on the substrate surface. In turn, this parameter
can vary widely depending on the supersaturation, the temperature of the substrate, its
structure, and its composition [27]. The geometric shape of the islands and the area of
the substrate covered by islands provides data about the mechanisms of mass transfer
of sputtered atoms and about the prevailing mechanisms of island growth under certain
technological conditions. For example, an increase in the average height of the islands with
a simultaneous reduction in the substrate area occupied by them points to a change in the
mechanism of mass transfer from the surface diffusion to the diffusion through the gaseous
phase, and, hence, indicates a change in the mechanism film growth from “layer-by-layer”
to “island” one [40].

The energy spectra of backscattered He+ ions from SBN island films grown in an
oxygen atmosphere at Ts of 750–950 ◦C are presented in Figure 1. The spectra obtained
from films deposited at different substrate temperatures do not have significant differences,
which indicates a similar form of the SBN islands on the substrate surface and, therefore,
indicates similar mechanisms of their nucleation. The sections of the spectra corresponding
to the scattering of helium ions on Ba, Sr, and Nb have a triangular shape, which corresponds
to the pyramidal shape of the islands [41]. Data on the technological conditions and on the
structure of the island SBN films are given in Table 1. Here, τ is the deposition time; Xmed is
the average height of the island; C is the area of the substrate occupied by island film; and A
is the total quantity of SrBaNb2O6 substance on a substrate in units of 1015 united atoms
per cm2, where the united atom is a molecule of SraBabNbcOd and (a + b + c + d) = 1. The
intensity of the reflexes of Ba and Sr + Nb (strontium and niobium are indistinguishable
by MEIS due to the proximity of the masses) is connected with the area of substrate filled
by the islands; the breadth of the reflexes is defined by the height of the islands; and the
ratio of amplitudes is determined by the content of the elements in the film. The component
content in island films estimated by the medium-energy ion scattering technique matches
the composition of the sputtered target with a precision of 5%.

The MEIS analysis data show that the thickness of the SBN island films deposited at
temperatures 750–950 ◦C ranges from 1.3 to 2.16 nm, the degree of substrate area covered
by islands ranges from 23% to 42%, and both parameters do not correlate with the change
in substrate temperature. Hence, due to the insignificant height of the islands and rather
large area of the substrate occupied by them, it can be concluded that a mixed type of
mass transfer prevails in this temperature range—both on the surface of the substrate and
through the gas phase [42]. Based on theoretical concepts about the initial stages of growth
of multicomponent films and on the MEIS analysis data, we can conclude that in the SBN
system, during the condensation of sputtered atoms on the surface of a polycrystalline
aluminum oxide substrate, the main mechanism of film nucleation and growth is the
Volmer–Weber island regime [40]. This type of growth occurs when the atoms of the
deposited substance are bonded to each other more strongly than to the substrate. In this
regime, small nuclei of the condensed phase form directly on the surface of the substrate
without the formation of transition layers and grow, turning into large islands [43]. In
addition, during film growth on alumina, substrate defects significantly increase the rate
of nucleation, reducing the height of the activation barrier, which leads to rapid filling of
the substrate with islands of low height [44]. This mechanism of growth of FE films occurs,
as a rule, on polycrystalline substrates that are not structure-forming for the growing film,
which subsequently leads to the formation of a polycrystalline layer [41,45].
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Figure 1. Spectra of backscattered He+ ions from SBN films grown at Ts of 750–950 °C on alumina 
substrates. 
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Figure 1. Spectra of backscattered He+ ions from SBN films grown at Ts of 750–950 ◦C on alumina
substrates.

Table 1. Characteristics of island films investigated.

No. Substrate Ts, ◦C P, Pa τ, s Xmed, nm C, % A

2449 Al2O3 850 10 60 1.29 36 3.1
2450 Al2O3 800 10 60 0.48 40 1.3
2452 Al2O3 750 10 60 1.68 42 4.7
2453 Al2O3 880 10 60 2.16 23 3.3
2454 Al2O3 950 10 60 1.56 42 4.3

3.2. Structure Characterization of SBN Films

The electrical characteristics of planar capacitive structures significantly depend on the
quality of the film surface on which the capacitor electrodes will be formed. The developed
morphology of the surface of the functional layer can lead to defects at the lithography
and chemical etching stages, namely, the etching defects and micro-closures in the gap
of the capacitor, which, finally, are common causes of electrical breakdown. To control
these defects, the surface quality must be monitored on areas comparable to the area of the
planar gap. For these purposes, the morphology of the surface of deposited SBN films was
studied by electron microscopy. Figure 2 shows typical micrographs of the surface of films
deposited at different substrate temperatures, indicating the areas of energy dispersion
elemental analysis. According to the SEM analysis data, the coatings are fairly uniform
and homogeneous; however, in the case of film deposition at low substrate temperatures,
obvious defects in the form of cracks are observed on its surface. The situation improves
when the substrate is heated to a temperature of 850 ◦C and above. The reason for the
change in surface quality with an increase in deposition temperature may be the different
phase composition of films deposited at different Ts, which will be discussed below.



Coatings 2023, 13, 1937 6 of 13

Coatings 2023, 13, x FOR PEER REVIEW 6 of 13 
 

 

the planar gap. For these purposes, the morphology of the surface of deposited SBN films 
was studied by electron microscopy. Figure 2 shows typical micrographs of the surface of 
films deposited at different substrate temperatures, indicating the areas of energy disper-
sion elemental analysis. According to the SEM analysis data, the coatings are fairly uni-
form and homogeneous; however, in the case of film deposition at low substrate temper-
atures, obvious defects in the form of cracks are observed on its surface. The situation 
improves when the substrate is heated to a temperature of 850 °C and above. The reason 
for the change in surface quality with an increase in deposition temperature may be the 
different phase composition of films deposited at different Ts, which will be discussed 
below. 

  
(a) (b) 

Figure 2. SEM images and areas of elemental analysis of the SBN film surface: (a) the film was de-
posited at 750 °C; (b) the film was deposited at 850 °C. 

The elemental composition of the studied films according to the EDS analysis is pre-
sented in Table 2. The data are calculated from the reference values of Nb in the chemical 
SBN formula, taking into account the component composition of the target. The results of 
the elemental analysis of the studied films indicate the stoichiometric transfer of sputtered 
atoms to the substrate and a slight deviation of the Sr/Ba ratio in the film relative to the 
composition of the target (within 5%). A change in the substrate temperature does not lead 
to significant changes in the elemental composition of the deposited films. Minor devia-
tions of the numerical ratios of Sr and Ba are noted at randomly selected analyzed surface 
points, explained by the chaotic surface migration of atoms along the substrate surface 
before and during the formation of chemical bonds [34]. A reliable assessment of the oxy-
gen content in the studied films is difficult due to the small thickness of the films and the 
presence of oxygen in the substrate. 

Table 2. Elemental composition of thin SBN films. 

Ts, °С Scanning Area 
Atom % 

Sr Ba Nb O 

750 
SQ1 11.5 3.1 28.6 56.1 
SQ2 12.6 3.4 31.4 52.1 
SQ3 12.0 3.1 29.9 54.4 

850 
SQ1 10.8 3.0 26.5 59.2 
SQ2 10.7 3.0 26.5 59.3 
SQ3 11.3 3.0 27.9 57.6 

Figure 2. SEM images and areas of elemental analysis of the SBN film surface: (a) the film was
deposited at 750 ◦C; (b) the film was deposited at 850 ◦C.

The elemental composition of the studied films according to the EDS analysis is
presented in Table 2. The data are calculated from the reference values of Nb in the
chemical SBN formula, taking into account the component composition of the target. The
results of the elemental analysis of the studied films indicate the stoichiometric transfer of
sputtered atoms to the substrate and a slight deviation of the Sr/Ba ratio in the film relative
to the composition of the target (within 5%). A change in the substrate temperature does
not lead to significant changes in the elemental composition of the deposited films. Minor
deviations of the numerical ratios of Sr and Ba are noted at randomly selected analyzed
surface points, explained by the chaotic surface migration of atoms along the substrate
surface before and during the formation of chemical bonds [34]. A reliable assessment of
the oxygen content in the studied films is difficult due to the small thickness of the films
and the presence of oxygen in the substrate.

Table 2. Elemental composition of thin SBN films.

Ts, ◦C Scanning Area
Atom %

Sr Ba Nb O

750
SQ1 11.5 3.1 28.6 56.1
SQ2 12.6 3.4 31.4 52.1
SQ3 12.0 3.1 29.9 54.4

850
SQ1 10.8 3.0 26.5 59.2
SQ2 10.7 3.0 26.5 59.3
SQ3 11.3 3.0 27.9 57.6

Comparative diffractograms of thin SBN films deposited at different substrate tem-
peratures on alumina are shown in Figure 3. Vertical dotted lines indicate the angular
positions of the reflexes of the solid solution Sr0.75Ba0.25Nb2O6 (PDF №73-487), the peaks of
the polyniobate Ba4SrNb4O15 (hereinafter SBNO15) (PDF №54-1174) are indicated by an
asterisk, and the reflexes of the substrate Al2O3 are indicated by a square.
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Ba4SrNb4O15; �—substrate Al2O3.

At deposition temperatures of 650–750 ◦C, the formation of the SBN crystalline phase
is practically not observed. With an increase in temperature to 850 ◦C, weak peaks of poly-
crystalline strontium barium niobate, as well as a reflex (103) from polyniobate SBNO15 of
significant intensity in the region of 29◦, appear. According to XRD analysis data, the main
crystalline phase of films deposited on alumina at substrate temperatures below 850 ◦C
is SBNO15, which does not reveal ferroelectric properties. Stable formation of crystalline
phases of SBN solid solution is observed at temperatures of 850 ◦C and above (high-
temperature films hereinafter). On the diffractogram of the film deposited at Ts = 850 ◦C,
peaks of weak intensity from strontium barium niobate appear that characterize the film as
a pronounced polycrystal consisted of SBN and SBNO15 grains. Moreover, with a further
increase in Ts, the ratio of SBN and SBNO15 phases changes towards the predominance
of strontium barium niobate. It is known that the thermodynamics of crystallization of
competing phases in the SBN system significantly depends on the temperature of the
process [46]. The crystallization of secondary oxide phases such as SrNb2O6 or SNBO15
requires less thermal energy than the formation of a solid solution of SBN [47]. Moreover,
the threshold thermal energy required to initiate the crystallization of SBN increases with
increasing Sr content in the solid solution. This is confirmed by the data that show the
solid solution Sr0.75Ba0.25Nb2O6 is less stable compared to solutions with a lower content
of strontium [34].

The dynamics of the formation of crystalline phases in the studied films with an
increase in the deposition temperature allows us to judge the high-temperature nature
of the formation of a film solid solution of SBN on polycrystalline aluminum oxide in
comparison with SBNO15. It can be assumed that the large difference in the temperature
coefficients of expansion of low-temperature SBNO15 and alumina leads to the appearance
of cracks in the film, which is clearly visible in Figure 2a. Alternatively, being a higher-
temperature phase, SBN is closer in terms of the temperature coefficient of expansion
to alumina (12 × 10−6 K−1 and 8 × 10−6 K−1, respectively) [48], which is manifested in
improving the surface quality of the studied films with an increase in Ts (Figure 2b).
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To improve the structural and dielectric characteristics of SBN thin films on alumina
substrates, high-temperature annealing of samples was carried out at atmospheric pressure
in air for an hour at a temperature of 1000 ◦C. All the studied SBN films were annealed in
one step. Comparative diffractograms of films before and after annealing are presented in
Figure 4.

Coatings 2023, 13, x FOR PEER REVIEW 8 of 13 
 

 

the formation of a film solid solution of SBN on polycrystalline aluminum oxide in com-
parison with SBNO15. It can be assumed that the large difference in the temperature coef-
ficients of expansion of low-temperature SBNO15 and alumina leads to the appearance of 
cracks in the film, which is clearly visible in Figure 2a. Alternatively, being a higher-tem-
perature phase, SBN is closer in terms of the temperature coefficient of expansion to alu-
mina (12 × 10−6 K−1 and 8 × 10−6 K−1, respectively) [48], which is manifested in improving 
the surface quality of the studied films with an increase in Ts (Figure 2b). 

To improve the structural and dielectric characteristics of SBN thin films on alumina 
substrates, high-temperature annealing of samples was carried out at atmospheric pres-
sure in air for an hour at a temperature of 1000 °C. All the studied SBN films were annealed 
in one step. Comparative diffractograms of films before and after annealing are presented 
in Figure 4. 

20 25 30 35 40 45 50 55 60

∗

∗

(320)

950°C, annealing

950°C

850°C, annealing

850°C

650°C, annealing

(001)

(621)(221)

(311) (002)

In
te

ns
ity

, a
.u

.

2Θ (degrees)

(410)

SBNO15(103)

650°C

SBNO15(110)

 
Figure 4. Diffractograms of SBN thin films obtained at 650–950 °C, before and after annealing at 
1000 °C; ∗ - polyniobate Ba4SrNb4O15; □—substrate Al2O3. 

Annealing has a significantly different effect on the structure of films deposited at 
different substrate temperatures. Samples grown at Ts in the range of 650–850 °C exhibit, 
after annealing, a polycrystalline structure consisting of SBN grains of the (320), (410), and 
(311) orientations, with a predominance of SBNO15 crystallites of the (103) orientation. Af-
ter annealing of the high-temperature film (Ts = 950 °C), on the contrary, both a decrease 
in the intensity of the peaks of the polyniobate at the angular positions 29° and 31.5° and 
recrystallization of the SBN grains of different orientations in the low surface energy (00l) 
crystallites are observed. Thus, for all films, there is a significant change in the ratio of the 
SBN and SBNO15 phases after high-temperature treatment. This ratio can change both in 
the direction of increasing the content of the SBNO15 phase, as in the case of annealing the 
films deposited at Ts < 850 °C, and in the direction of increasing the content of the SBN 
phase, as in the case of annealing the films grown at Ts > 850 °C. It is obvious that the ratio 
of ferroelectric and linear dielectric phases in the film will determine both the nonlinear 
properties of the capacitor based on it and its microwave losses. An increase in the number 

Figure 4. Diffractograms of SBN thin films obtained at 650–950 ◦C, before and after annealing at
1000 ◦C; ∗—polyniobate Ba4SrNb4O15; �—substrate Al2O3.

Annealing has a significantly different effect on the structure of films deposited at
different substrate temperatures. Samples grown at Ts in the range of 650–850 ◦C exhibit,
after annealing, a polycrystalline structure consisting of SBN grains of the (320), (410), and
(311) orientations, with a predominance of SBNO15 crystallites of the (103) orientation.
After annealing of the high-temperature film (Ts = 950 ◦C), on the contrary, both a decrease
in the intensity of the peaks of the polyniobate at the angular positions 29◦ and 31.5◦ and
recrystallization of the SBN grains of different orientations in the low surface energy (00l)
crystallites are observed. Thus, for all films, there is a significant change in the ratio of the
SBN and SBNO15 phases after high-temperature treatment. This ratio can change both in
the direction of increasing the content of the SBNO15 phase, as in the case of annealing the
films deposited at Ts < 850 ◦C, and in the direction of increasing the content of the SBN
phase, as in the case of annealing the films grown at Ts > 850 ◦C. It is obvious that the ratio
of ferroelectric and linear dielectric phases in the film will determine both the nonlinear
properties of the capacitor based on it and its microwave losses. An increase in the number
of grains of the SBN phase and their (00l) preferential orientation should have a positive
effect on the tunable properties of the studied films.

3.3. Electrical Properties of SBN Planar Capacitive Structures

The dependence of the normalized capacitance on the control field strength for planar
capacitors based on SBN films obtained at various Ts are presented in Figure 5. The
measured capacitance values of the capacitors were 0.2–0.4 pF for various SBN films, which
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corresponds to the values of the dielectric constant of 100–300 [49]. As expected, SBN films
exhibit worse dielectric characteristics compared to bulk crystal or ceramics. Among the
many factors leading to a decrease in the dielectric permittivity of SBN films discussed in
the literature, the main ones are grain size distribution [33] and the effect of a defective layer
on the film–substrate interface [32]. In our case, taking into account the island mechanism
of growth of SBN films on alumina and the intensity and width of X-ray reflexes from the
films, it can be concluded that the small size of crystalline grains and, consequently, a large
number of grain boundaries are the main reasons for the deterioration of the dielectric
properties of SBN films investigated compared to bulk material.
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Figure 5. The dependence of the capacitance on the control field strength for planar capacitors based
on SBN films obtained at various temperatures.

As for tunable properties, capacitors based on thin films grown at Ts of 650–750 ◦C do
not reveal a change in capacitance under the action of the control field. The capacitor based
on the high-temperature film without annealing reveals weak nonlinearity. Capacitive
structures on the basis of films deposited at temperatures of 850 ◦C and 880 ◦C and subjected
to high-temperature annealing exhibit tunability of the order of 1.5–1.6. The change in the
capacitance under the influence of an external electric field for a planar capacitor based on
the film grown at a temperature of 950 ◦C and subjected to annealing was n = 1.77 (44%),
which can be explained by the (00l) texture of this film.

The dependence of microwave losses on the control field strength for capacitors based
on various SBN films is presented in Figure 6. As with the dependence of the capacitance vs.
control field, three groups of curves can be considered: (i) the capacitor based on the SBN
film without annealing does not exhibit dielectric nonlinearity at significant losses, which is
explained by the presence of the SBNO15 phase and by a large number of structural defects
in the film; (ii) capacitors based on films deposited at temperatures of 850 ◦C and 880 ◦C
exhibit tunability of the order of 1.5 at losses of 0.05–0.025, explained by an increase in the
volume of the SBN phase in the films as a result of annealing; and (iii) the capacitor based
on the film grown at Ts = 950 ◦C and subjected to annealing demonstrates 44% tunability
with a dielectric loss tangent of tan δ = 0.009 ÷ 0.022.
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To compare capacitors, a commutation quality factor K is used, which is determined
by the efficiency of changing the capacitance under the action of the control field and losses
in the capacitor at zero and at maximum control field [50]:

K =
(n − 1)2

n·tanδ1·tanδ2
,

where n is the tunability of the capacitor, and tan δ1 and tan δ2 are the losses of the capacitor
at zero and maximum control field.

Table 3 presents comparative data on tunability and losses of capacitors based on
SBN films on various substrates and in various electrode configurations (planar and plane-
parallel structures) based on the literature data and on the results of this work.

Table 3. Comparative data on tunability and losses of capacitors based on SBN films.

Composition Substrate Design Tunability, % Losses, tan δ K Reference

Sr0.5Ba0.5Nb2O6 Pt/Si MDM 18 not available - [32]
Sr0.61Ba0.39Nb2O6 MgO planar 35 0.005–0.05 (12 GHz) 754 [9]
Sr0.61Ba0.39Nb2O6 LaAlO3 planar 10 0.08–0.09 (1 MHz) 50 [38]
Sr0.6Ba0.4Nb2O6 Pt/Si MDM 46 0.03–0.09 (10 kHz) 145 [34]

Sr0.75Ba0.25Nb2O6 Pt/Ti MDM 45 0.034–0.036(100 kHz) 300 [33]
Sr0.75Ba0.25Nb2O6 Al2O3 planar 44 0.009–0.022 (2 GHz) 1740 This work

It can be seen from the table that the planar capacitive structures obtained in this work
reveal high dielectric nonlinearity at low losses, which is expressed in the quality factor
K = 1740. According to [51], the device exhibits promising characteristics for microwave
applications if the quality factor for it exceeds 1000. It should be noted that the planar
capacitors based on SBN films on alumina substrate obtained in this work exhibit promising
microwave characteristics in comparison with both MDM capacitors based on films grown on
a platinum electrode and in comparison with planar structures on expensive single-crystal
substrates. According to our data, this is the first successful attempt to form an SBN film on
alumina with perspective microwave tunable characteristics acceptable for device applications.
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4. Conclusions

SBN films of good crystallinity were grown on polycrystalline aluminum oxide sub-
strate by magnetron sputtering for the first time. (00l)-oriented films were obtained by
deposition in oxygen atmosphere at a substrate temperature of 950 ◦C with post-growth
annealing in air. The structure, phase, and elemental composition of the obtained films were
investigated by methods of scattering medium-energy ions, X-ray diffraction analysis, and
electron microscopy. According to X-ray diffraction analysis, the main crystalline phase of
films deposited on alumina at substrate temperatures below 850 ◦C is SBNO15 polyniobate,
which does not have ferroelectric properties. Stable formation of crystalline phases of
SBN solid solution is observed at temperatures of 850 ◦C and above. The dynamics of
the growth of crystalline phases in the studied films with an increase in the deposition
temperature shows the high-temperature nature of the formation of a film solid solution
of SBN on polycrystalline aluminum oxide in comparison with secondary oxides of the
SBN system. The tunability and microwave losses of SBN planar capacitors is shown to
be correlated with the volume fraction of the SBN phase in the film determined by the
deposition temperature and annealing conditions. The capacitor based on the SBN film
deposited at a temperature of 950 ◦C and subjected to annealing demonstrates a tunability
of 44% and a loss tangent of 0.009 ÷ 0.022 at 2 GHz, which is expressed in quality factor
K = 1740. This is the first successful attempt to form planar capacitive structures based on
SBN films on polycrystalline aluminum oxide, which reveal the commutation quality factor
above 1000, suitable for tunable microwave applications.
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