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Abstract: The ferroelectric barium–strontium titanate (BST) multi-layer structure has been formed
directly on silicon carbide by serial deposition and “in situ” annealing of layers. This approach allowed
us to achieve the high-quality perovskite lattice of ferroelectric that provides the best combination of
high tunability and low losses for BST/SiC structures at microwaves. Electric characteristics of BST/SiC
planar capacitor structures were studied under the high level of microwave power for the first time.
The BST/SiC structure consisted of highly oriented ferroelectric film on highly heat-conducting
substrate have demonstrated the absence of the overheating of the active area of the capacitor under
dissipated power density up to 125 W/mm2.

Keywords: ferroelectrics; barium strontium titanate; silicon carbide; ion plasma deposition; intermediate
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1. Introduction

Today there is a stable interest in ferroelectric (FE) materials for tunable microwave (MW)
applications caused by the dependence of dielectric permittivity of ferroelectrics on the strength of
applied electric field [1–4]. The perspective properties of ferroelectrics at microwaves are high dielectric
nonlinearity, low losses, fast switching time, low power consumption, and possibility to work under
the high level of operating power [5–8]. Phase shifters for phased array antennas, tunable capacitors
and filters for telecommunication systems is the area of the possible application of ferroelectrics. Being
compared with semiconductor elements, ferroelectric devices can be characterized by more simple
fabrication technology, lower losses at microwaves and higher levels of working signal [9,10]. The most
promising ferroelectric materials for MW applications are solid solutions of barium and strontium
titanates BaxSr1−xTiO3 (BST) in thin-film form, which exhibit a dielectric permittivity from 150 to 6000
when the x parameter changes from 0 to 0.6, while the material remains in the paraelectric state at room
temperature [3,6,8,11–14]. Previous researches demonstrated that BST ferroelectric films maintain
the high tunability and low dielectric loss in the wide frequency range (tan δ increases from 0.01 to
0.06 at frequencies from 1 to 60 GHz [9,15,16]). Voltage-controlled tunable capacitors, phase shifters,
and delay lines for frequencies up to 60 GHz have been realized based on BST films [2,6,11,17–19].

Operational requirements for microwave transmitting systems support the effort to developing
ferroelectric capacitive elements with high power handling capability (PHC), i.e., the ability of element to
operate under the high power MW signal without the degradation of the device’s parameters [2,20–23].
The variation of capacitance of FE elements under the operating signal is generally defined by two
mechanisms: the electrical nonlinearity of the dielectric permittivity under the MW electric field,

Coatings 2020, 10, 247; doi:10.3390/coatings10030247 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
https://orcid.org/0000-0001-9858-3846
https://orcid.org/0000-0001-5673-2372
http://dx.doi.org/10.3390/coatings10030247
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/10/3/247?type=check_update&version=2


Coatings 2020, 10, 247 2 of 9

which can be suppressed by the number of methods [24,25], and the heating process caused by
dissipation of MW power.

It is well known that the low thermal conductivity of dielectric substrates commonly used at
microwaves, such as alumina, sapphire, magnesium oxide, is one of the reason for the overheating
of the active area of thin-film element [26,27]. So, the usage of high heat-conducting substrate can
significantly improve the heat sink, as was demonstrated for BST capacitor on diamond substrate
in [28,29]. However, diamond is a rather expensive material and highly difficult to process. In this case,
semi-insulating silicon carbide (SiC) can be considered as a prospective alternative to diamond. Silicon
carbide reveals the thermal conductivity of λ = 500 W·m−1·K−1, outstanding mechanical hardness,
low dielectric losses and stable permittivity of about 6 [30,31].

Recent researches on ferroelectric films on an SiC substrate are described in [32–34]. However,
first of them are dedicated to structure properties investigations only [32], second ones study PZT films,
which are not suitable for microwave applications [34], other works estimate dielectric properties at
low frequencies [33], but there are no articles devoted to characterization of BST/SiC structures under
high power microwave signal.

BST planar capacitors on semi-insulating SiC characterized at microwave frequencies were
demonstrated in [35] and the oriented growth of BST film directly on SiC for the first time was
described in [36]. All these works have analyzed the small-signal characteristics of BST films on silicon
carbide but PHC studies have not been performed on BST/SiC structures.

Therefore, the aim of this article is to investigate the effect of microwave signal of high magnitude
on the electric properties of BST/SiC thin film capacitors. However, prior to investigating the
large-signal characteristics, the growth mechanisms and structure properties of BST films on silicon
carbide substrate were estimated, and the capacitance and Q-factor of planar BST/SiC elements were
measured at 2 GHz at a small signal, since these properties are related to the nonlinear performance.

Although there are analytical models [26], which allow us to estimate the capacitor overheating
under high microwave power, they cannot consider all possible ways of a heat generation and removal
in the real capacitor. Moreover, they are limited by the fact that there is no reliable information about
the thermal conductivity of thin ferroelectric film, except for a few indirect experiments [23], that does
not allow to accurately simulate the overheating by finite element simulation software also. Therefore,
as in [28], in this work the effect of electric nonlinearity on the capacitance variation was calculated
and it was assumed that all changes beyond calculated ones are related to the effect of overheating.

2. Materials and Methods

Thin BST films were deposited on SiC substrates fabricated by Svetlana–Electronpribor
(St. Petersburg, Russia) [36,37] by RF magnetron sputtering of a Ba0.4Sr0.6TiO3 ceramic target. Oxygen
was used as a working gas at a pressure of 2 Pa providing optimal conditions for thin film deposition,
oxidation of sputtered atoms, and crystallization of perovskite phase.

The following reasons were taken into consideration for a choosing of BST film deposition technique:

(i) According to the recent investigations of initial stages of BST films growth on SiC substrate [38],
the mechanism of film growth is determined by a substrate temperature. As it was shown,
the heating of the SiC substrate until Tsub = 880 ◦C leads to the “growth in height”, i.e., formation
of high islands without spread of thicknesses, that is due to the mechanism of diffusion of adatoms
through the gaseous phase is predominant. The decrease in Tsub from 880 to 800 ◦C leads to an
increase in the SiC substrate area covered by islands with simultaneous decrease in the island
height, which indicate the change in the mechanisms of the mass transfer from the diffusion via a
gaseous phase to the surface diffusion, and, hence, the change from the “growth in height” to the
“lateral growth”.

(ii) The change of mass transfer from the diffusion via a gaseous phase to the surface diffusion at
certain conditions can lead to the oriented growth of thin films on non-matched substrates [39,40].
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(iii) The growth of continuous 300-nm-thick BST films on SiC substrate both at Tsub = 800 ◦C and
880 ◦C leads to a polycrystalline film formation [36].

(iv) The structure and microwave properties of BST films on the monocrystal substrate can be
significantly improved by the multi-step deposition method using the intermediate annealing
during the film growth [41], which allows us to correct the lattice defects during the
layer deposition.

According to the above-mentioned reasons, the following deposition technique was applied for
the preparation of heterostructure “ferroelectric film/silicon carbide”.

The initial BST layer of 50 nm thickness was deposited during 20 min onto the SiC substrate.
The substrate temperature was kept at 880 ◦C for the first 5 min of deposition and after that, it was
decreased to 800 ◦C. After 20 min of film growth the discharge was turned off, the temperature
was increased to Tan = 880 ◦C and the “in situ” intermediate annealing (IA) was performed for
10 min. Then, the second BST layer was deposited onto the first one with the simultaneous decrease
of temperature from 880 to 800 ◦C for the first 5 min. The deposition and annealing procedures were
repeated six times providing the 300 nm total thickness of films. The single layer films of the 300 nm
thickness were prepared at Tsub = 800 ◦C for comparison reasons. The phase composition of obtained
BST films was studied by X-ray diffraction (XRD, DRON-6, Cu Kα source).

For electrophysical investigations planar capacitors with a gap width of 2 and 5 µm and a length
of 400 µm were fabricated. Measurements of the microwave properties of capacitors investigated
were performed by the resonance technique. The half-wavelength resonator based on the symmetrical
stripline with short-circuited ends and resonant frequency of about 2 GHz was used. A capacitor
under test was placed into the gap at the center of the stripline. The bias voltage was applied to the
capacitor through the ends of the stripline, short-circuited for the microwaves by the large blocking
capacitors, but isolated for the direct current.

The resonance frequency and Q-factor of the resonator with a capacitor included can be calculated
in capacitance and the Q-factor of the capacitor itself. The method of calculation was described in the
details in [26]. In the low-signal mode the resonator provides the accuracy of capacitance and quality
factor measurements of 1% and 5% respectively. Capacitance and the quality factor Q = 1/tan δ, were
measured at room temperature. Bias voltage U applied to a capacitor was varied within 0–300 V, which
corresponded to a field strength of E ≈ 0–60 V/µm in the FE film.

The capacitor behavior under the elevated power can be estimated by the distortion of the
resonance curve (non-symmetrical shift of the peak), which is caused by the variation of the capacitance
under the microwave voltage [26,27]. The distortion is caused by two factors: electrical non-linearity
and overheating under the influence of dissipated microwave power. While the first factor is
determined only by the tunability of the capacitor, the second is strongly influenced by the thermal
conductivity of the substrate. The composition of BST film used in the capacitor under test provides
the phase transition at the temperature much lower than the room temperature, so both electrical and
thermal factors should shift the capacitance down (and the resonant frequency up consequently).

The resonance parameters at high microwave power can be calculated to the capacitance and
the Q-factor of the capacitor as well. Moreover, the microwave voltage amplitude (Um) can be found
by methods presented in [26,27]. CV-curve of the capacitor measured in small-signal mode can be
approximated with fitting parameters K and U0 [27] (which are interpreted as the tunability at infinite
voltage and voltage of half-tunability, respectively). The relative capacitance variance with account of
the electrical non-linearity is estimated as [27]

∆C(Um)

C(0)
=

C(0)− C(Um)

C(0)
=

K − 1
K

1 − 1√
1 + (Um/U0)

2

 . (1)
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3. Results

3.1. Structure Characterization of BST Films on SiC

Figure 1 shows comparative XRD patterns of the 300 nm BST films deposited on SiC substrates.
The multi-layer BST thin film prepared by using the intermediate annealing (Tsub = 800 ◦C, Tan = 880 ◦C,
indicated in Figure 1 as “ML”) and the single-layer BST thin film (Tsub = 800 ◦C, indicated as “SL”)
show different growth behaviors. A θ/2θ scan indicates that multi-layer film shows highly (h00)
oriented perovskite structure while the single-layer film is polycrystalline. The value of the calculated
cubic lattice parameter of both grown films is 0.3947 nm, giving the composition Ba0.4Sr0.6TiO3, which
corresponds to the BST target stoichiometry. This fact is confirmed by the dielectric permittivity
behavior vs. temperature with maximum at 200 K (not presented here), which is equal to the phase
transition temperature of bulk ceramic.
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reasons for the oriented growth: the low supersaturation and the absence of an interphase energy 

Figure 1. XRD patterns for the multi-layer and single-layer BST films on silicon carbide.

3.2. Small Signal Microwave Characterization of BST Film Capacitors

Figure 2 presents the experimental dependence of small-signal capacitance and Q-factor on field
strength E (gap width g = 5 µm) tested at 2 GHz. The results of the small-signal measurements
carried out at T = 300 K showed that the application of dc bias voltage 300 V (E = 60 V/µm) led to a
capacitance decrease by a factor of 2.4. For all BST capacitors tested, tan δ was in the range from 0.02 to
0.03. BST/SiC structures obtained in this work demonstrate combination of high tunability and low
losses that distinguishes favorably from the values reported in the literature for BST films on silicon
carbide [32,33,35,36].
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Figure 2. Small signal capacitance and Q-factor of BST film capacitor measured at f = 2 GHz versus
dc field strength.

3.3. High Power Microwave Characterization of BST/SiC Capacitors

The measurements of BST capacitor response on high power MW signal were performed for the
planar capacitor with a gap width of g = 2 µm to reach the high power density in the gap of the
capacitor and, consequently, to enhance the influence of non-linear effects. The voltage-capacitance
characteristic of the capacitor under test was approximated with the parameters K = 1.514 and
U0 = 56 V and accuracy of 0.5%. The resonance characteristics of the resonator with the capacitor
included under the different microwave magnitudes of the electric field strength Em = Um/g are
presented in Figure 3. For the better visual understanding the transmission coefficient was brought
to one level, and the frequency shift was normalized to the resonant frequency at the small-signal
microwave amplitude ( f = 2.025 GHz at Em = 4 V/µm). Resonance frequency variance ∆ f / f (0)
is connected with the capacitance variance ∆C/C(0) as ∆ f / f (0) = (ξ/2)∆C/C(0) [26], where ξ is
inclusion coefficient estimated as ξ = 0.2 for the resonator used.

Figure 3. Shift of the resonance characteristics under the microwave power (at the different magnitude
of electric field strength).
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4. Discussion

The oriented growth of the multi-layer BST film can be explained in terms of theory of
heterogeneous nucleation of multicomponent systems. At the first 5 min of deposition when the
substrate is heated to Tsub = 880 ◦C and the diffusion of adatoms through the gaseous phase is
predominant, the columnar structure of the first layer of BST film is formed [38]. Then, the decrease in
Tsub 800 ◦C determines the change of the growth mechanism and the lateral growth on “columnar basis”
begins, leading to the oriented layer formation. This layer is similar to a pile-supported bridge and is
almost unstressed.

When the discharge is turned off during the intermediate annealing, the film has enough time to
absorb all the incoming atoms, which increases the probability to form the highly oriented lattice.

When the discharge is turned on after the intermediate annealing, the annealed layer begins
to play the role of a new substrate heated to a temperature that higher than the deposition one
(Tan = 880 ◦C) at the absence of an interphase energy barrier, since the new layer is formed on its own
material. The stages of columnar structure formation and further lateral growth are repeated leading
to the next oriented layer formation.

So, the intermediate annealing of the as-deposited layer at a temperature higher than that of
growth creates conditions for the oriented nucleation of each next layer. This approach makes the film
more ordered and less defective, hence promising better electrical characteristics.

The experimental results of capacitance shift (∆C/C(0)) under the high microwave power in
comparison with calculated capacitance shift by the electrical non-linearity (Equation (1)) versus Em are
presented in Figure 4. One can see that the experimental and calculated results are in good agreement
with an accuracy of about 2% (the experimental point at Em = 63 V/µm can be explained by the
breakdown approach). Thus, the capacitance shift can be explained by the electrical non-linearity only,
not by the overheating for microwave voltage amplitude up to about Um = Em × g = 80 V.

Figure 4. Capacitance shift versus microwave signal field strength.

The value of the microwave power dissipated in the capacitor at Um = 80 V can be estimated
as Pdis = (1/2)ωCU2

m(1/Q) = 100 mW. The working area of the planar capacitor under test is
(400 × 2) µm2 that in turn corresponds to the dissipated power density of 0.125 mW/µm2, however,
no overheating of the active area was observed. Earlier in [28,29] the performance of the BST
capacitors on diamond and sapphire substrates at high MW power was investigated. The BST
capacitor on the sapphire substrate was overheated by 20 K at the dissipated power density of
200 mW/(10 × 2000) µm2 = 0.01 mW/µm2, whereas the BST/diamond structure was overheated on
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2 K at the same power density [29]. Despite the excellent heat-conductivity of the diamond substrate,
the overheating was observed due to the low Q-factor of the capacitor fabricated. Thus, the BST/SiC
structure presented in this article compares favorably to the BST/diamond one in terms of high-power
microwave performance due to high-oriented crystal lattice and, hence, higher Q-factor.

In the Table 1 the comparative estimations of the overheating along with the microwave parameters
for BST capacitors prepared on different substrates are presented.

Table 1. Comparative data for the power handling capability of barium–strontium titanate (BST)
capacitors on different substrates.

Ref. Substrate Dissipated Power Density, W/mm2 Overheating, K Tunability Q-Factor

[28] Al2O3 10 20 2 40
[28] diamond 10 2 1.2 30

[22,23] Al2O3 100 10 1.8 25
[23] AlN 130 10 not available not available

this work SiC 125 not observed 2.4 45

5. Conclusions

In this work, electric characteristics of BST/SiC planar capacitor structures were studied under
a high level of microwave power for the first time. It was shown that the intermediate annealing
technique allows us to improve substantially the crystal quality of multi-layered BST films that, in turn,
determines the enhanced electrical quality of capacitors on their base. The capacitor based on the
these BST films demonstrated a tunability n = 2.4 at an electric field strength of 60 V/µm, and tan δ of
not higher than 0.03 at a frequency of 2 GHz, giving the best combination of tunability and losses for
BST/SiC structures at microwaves. The experimental results confirmed that the electric field effect is
the dominating mechanism in average capacitance variation, and the overheating is negligible for the
FE capacitor on the SiC substrate. BST/SiC structure investigated has demonstrated the absence of
the overheating of an active area of the capacitor under dissipated power density up to 125 W/mm2.
The BST/SiC elements look favorably from the PHC point of view in comparison with the analogs on
other substrates. The usage of silicon carbide as a high thermal conductive substrate effectively solves
the problem of the overheating of ferroelectric tunable elements at high microwave power that is very
important for telecommunication and radar transmitting systems.
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