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Compositional-gradient BaTi,_ Sn O thin films on Pt(100)/Ti/SiO,/Si substrates are fabricated with sol-gel using spin coating.
All of the structures of the prepared thin films are of single-phase crystalline perovskite with a dense and crack-free surface mor-
phology. BTS10/15/20 thin film exhibits enhanced temperature stability in its dielectric behavior. The temperature coefficient of
capacitance TCC,_,5, in the temperature range from 20°C to 150°C is —0.9 X 10~/°C and that of TCC,,__os, in the temperature
range from 20°C to —95°C is —3.8 x 10™#/°C. Furthermore, the thin films show low leakage current density and dielectric loss.
High and stable dielectric tunable performances are found in BTS10/15/20 thin films: the dielectric tunability of the thin films is
around 20.1% under a bias voltage of 8 V at 1 MHz and the corresponding dielectric constant is in the range between 89 and 111,
which is beneficial for impedance matching in circuits. Dielectric tunability can be obtained under a low tuning voltage, which
helps ensure safety. The simulated resonant frequency of the compositional-gradient BTS thin films depends on the bias electric
field, showing compositional-gradient BTS thin films could be used in electrically tunable components and devices. These prop-
erties make compositional-gradient BTS thin films a promising candidate for dielectric tuning.
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1. Introduction

Nonlinear dielectric materials have attracted much attention,
as they can be used with a variety of electrically tunable com-
ponents and devices, such as phase shifters, tunable filters,
delay lines, tunable antennas, and oscillators.!” Tunable
antennas, for example, can control the frequency and/or
direction of power radiation in their operation.6 It is import-
ant to recognize electrically tunable applications and obtain
high-quality performance. Electrically tunable applications
can be achieved with dielectric nonlinearity, that is, nonlin-
ear polarization under a bias electric field.” This does not
require coils or complex circuits, and can also support the
miniaturization of electronic components and devices. For
these reasons, nonlinear dielectric materials have become a
research hotspot in recent years.3-1?

When nonlinear dielectric materials are used with electri-
cally tunable components and devices, it is required to have
great temperature stability, high dielectric tunability, a mod-
erate dielectric constant, low dielectric loss, and a high figure
of merit (FOM).3 Dielectric tunability is a critical parameter,
that represents the ability of the dielectric constant to vary
with the bias electric field.

Tunability = ((0)—-=(E))/=(0), (1

“Corresponding author.

where £(0) and (E) are the dielectric constant under a zero-
bias electric field and under a certain applied bias electric field.
From Eq. (1), it can be seen that tunability directly depends
on dielectric constant, making the dielectric constant an obvi-
ously important parameter. According to Richtmyer, the size
of the resonator is proportional to the reciprocal of the square
root of the dielectric constant.'* That is, the larger the dielectric
constant of the dielectric materials, the smaller the theoretical
design size of the components and devices. However, larger
dielectric constants are not always better due to the imped-
ance mismatching in circuits and slow response of the circuit
signal.’> Hence, taking both dielectric tunability and imped-
ance matching into consideration, it is necessary to achieve a
moderate dielectric constant. Another important parameter is
dielectric loss, which can have negative effects on electrically
tunable components and devices. It is only by reducing dielec-
tric loss that application frequency can be increased. Hence,
it is important to reduce dielectric loss as much as possible. !

For these three parameters, usually only one or two can be
maintained at a high level, and not all parameters can reach
an optimal state at the same time. For this reason, the FOM is
introduced to comprehensively evaluate the performance of
nonlinear dielectric materials.!”

FOM = Tunability/Dielectric Loss. 2)
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Barium titanate (BaTiO;) has been studied widely due
to its nonlinear dielectric properties and is a pillar of the
electronic ceramic industry. It is environmentally friendly
and nontoxic.!8-20 It has become the most basic and widely
used material in modern electronic ceramic components
and devices. However, its high dielectric constant of
BaTiO; can cause impedance mismatching in circuits, and
high dielectric loss can limit the application frequency, as
described above. To dilute the ferroelectricity of BaTiO;,
which in turn can reduce the dielectric constant and
dielectric loss, Sn-doped BaTiO; is employed.?!?> Barium
stannate titanate (BaTi,_.Sn,O;, BTS) possesses strong
dielectric nonlinearity and low dielectric loss. When the
doping ratio of Sn is appropriate, the dielectric constant
can be adjusted to a moderate level while maintaining a
high tunability. These excellent properties make BTS a
powerful candidate for tunable components and devices,
and this leads to broad application prospects. However,
to achieve a high tunability of BTS ceramics, high tuning
voltages must be applied, which entails a vulnerability to
breakdown during operation. Therefore, BTS thin films are
promising candidates for use in electrically tunable com-
ponents and devices in relation to their low tuning voltage
and miniaturization.

Recently, a range of compositional modifications and
architectural designs have been proposed to improve the
dielectric properties of thin films. Compositional-gradient
thin films have been developed that show enhanced dielectric
properties under a bias electric field,??* due to the gradient
of their spontaneous polarization in the films, according to
Mantese and colleagues.”>?” Accordingly, composition-
al-gradient BTS thin film is a promising candidate for tunable
dielectric materials. This requires further study. Traditionally,
thin films have been fabricated by magnetron sputtering,
pulsed laser deposition, and sol-gel spinning coating. Sol-gel
with spinning coating has the advantages of simple, repeat-
able and easily quality-controlled.

In this study, compositional-gradient BTS thin films are
prepared by sol-gel together with spin coating. There is no
need for compositional-gradient BTS thin films to operate
under high tuning voltages, which can avoid safety hazards.
It has been observed that compositional-gradient BTS thin
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films simultaneously have a moderate dielectric constant,
low dielectric loss, high tunability under low tuning volt-
age (where the tuning voltage is 8 V and the corresponding
bias electric field is 16 kV/mm), and excellent temperature
stability.

2. Experimental Procedures
2.1. Fabrication of BTS thin films

BaTi,_,Sn,0; (BTS) thin films are prepared using sol-gel
and spin coating. A BTS precursor solution is prepared
from barium acetate (Ba(CH;COOQ),), tin 2-ethylhexanoate
(C,6H3,0,Sn), and titanium n-butoxide (Ti(O(CH,);CHs),).
Glacial acetic acid (CH;COOH) and 2-methoxyethanol
(CH;0CH,CH,0H) are used as solvents, and acetylacetone
(AcAc, CH;COCH,COCH,) is used as polymerizing agents.
First, titanium n-butoxide and acetylacetone are mixed at a
predetermined ratio. Then 2-methoxyethanol is added and
stirred continuously for 0.5 h. The molar ratios of Ti:AcAc
and Ti:2-methoxyethanol are 1:2 and 1:5, respectively. Tin
2-ethylhexanoate is then added to the solution while stirring
(solution 1). Second, barium acetate is dissolved in the ace-
tic acid solution under stirring for 0.5 h (solution 2). Finally,
solution 2 is mixed with solution 1, and glacial acetic acid is
added to control the concentration of the final solution of the
BTS precursor solution to 0.35 mol/L.

After aging for 24 h, the sol—gel thin films are deposited
on Pt(100)/Ti/SiO,/Si substrates by spin coating at a depo-
sition rate of 3000 rpm and a deposition time of 30 s for
each layer. The sol-gel deposited thin films are preheated
in a tube furnace at 150°C, 300°C, and 450°C for 5 min,
at each temperature, to evaporate the solvents and decom-
pose the organic residuals. The above process is repeated for
five times to obtain the preheated thin films. Finally, the pre-
heated thin films are annealed at 700 °C for 1 h to obtain the
resulting thin films. In BaTi,_Sn,O; thin films, x = 0.1, 0.15,
0.2, 0.25, and 0.3 are denoted as BTS10, BTS15, BTS20,
BTS25, and BTS30. In this paper, compositional-gradient
BTS thin films are fabricated and denoted as BTS10/15/20,
BTS15/20/25, and BTS20/25/30. The structures are illus-
trated in Fig. 1.

BTS20 BTS25 BTS30
BTS20 BTS25 BTS30
BTS10 BTSIS BTS20
BTS10 BTSIS BTS20
Pt(100)/Ti/S10,/Si Pt(100)/Ti/Si0,/Si Pt(100)/T/Si0,/Si

BTS10/BTS15/BTS20

Fig. 1.

BTS15/BTS20/BTS25

BTS20/BTS25/BTS30

Structure diagrams for BTS10/15/20, BTS15/20/25, and BTS20/25/30.
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2.2. Characterization

To investigate whether there are elements of impurities in the
thin films, the samples are analyzed with X-ray photoelec-
tron Spectroscopy (XPS, Thermo Scientific K-Alpha, USA).
The crystalline phase is characterized through grazing-inci-
dent X-ray diffraction (GIXRD, Bruker D8, Germany), using
Cu Ka radiation. The Raman spectra are acquired using a
Raman scattering spectrometer (Raman, Horiba Evolution,
France). To determine the surface morphology and thickness
of thin films, samples are analyzed with scanning electron
microscopy (SEM, SU8010, Japan). Gold electrodes with
a 1| mm diameter are sputtered onto the surface of the thin
films as the top electrodes for measuring dielectric proper-
ties. The temperature-dependent dielectric constant (e-T)
curves are tested at the computer-controlled heating/cooling
stage (INSTEC, USA). The frequency-dependent dielectric
constant and dielectric loss are measured using IM3536 LCR
Meter (HIOKI, Japan) from 10 KHz to 1 MHz at room tem-
perature, and the leakage current density dependent on the
bias electric field is identified with a voltage-current source
(KEITHLEY 2400, America). In addition, dielectric tunable
properties are tested with a Precision LCR Meter (TH2838H,
China).

3. Results and Discussion
3.1. XPS analyses

Figure 2 illustrates the XPS survey of the compositional-
gradient BTS thin films to confirm the presence of Ba, Sn, Ti,
and O in the sample. The spectrum confirms the cleanliness
of the compositional-gradient thin films, as no impurity peaks
are found except for the peaks caused by C (carbon), which is
adventitious.?8?° That is to say, the XPS results demonstrate

— BTS10/15/20
= BTS515/20/25
e BTS20/25/30

Ba3d, ,

Ba3d,,

Intensity (arb.unit)

L v L] v L) r T M L] v L) v L] v L)
100 200 300 400 500 600 700 800
Binding Energy (eV)

Fig. 2.  XPS spectra of BTS10/15/20, BTS15/20/25, and BTS20/
25/30.
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the successful introduction of Ba, Sn, Ti, and O elements in
the compositional-gradient BTS thin films and the cleanli-
ness of the thin films.

3.2. XRD and Raman analyses

Figure 3(a) shows room temperature GIXRD patterns of com-
positional-gradient BTS thin films after annealing at 700 °C
for 1 h. It is evident from the figure that all of the samples are
crystallized into single-phase solid solutions of perovskite
structure, as (100), (110), (111), (200), (210), and (211) peaks
can clearly be observed.’® No peak splitting of the perovskite
structure can be seen, indicating a pseudo-cubic phase in the
microstructure scale. However, because the resolution of the
XRD results is limited, owing to the Lorentzian broadening

—BTS10/15/20

— BTS15/20/25
= ||§ —— BTS20/25/30
S Iz
= o — —_—
E : «l' T g 5 &
N T 1 _IF_, 8« 5 2
? I WWJ MWIMWMJW "Hmmuﬁhw
g *W“MW yw‘ﬂ\w\w

10 20 30 40 50 60
2-Theta (°)
(@)

—BTS10/15/20
— BTS15/20/25
a = BTS20/25/30

Intensity (arb.unit)

100 200 300 400 500 600 700
Wavenumber (cm™)
(b)

Fig. 3. (a) GIXRD patterns in the 2-Theta range of 10-60° and
(b) Raman spectra of BTS10/15/20, BTS15/20/25, and BTS20/25/30.
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of the reflections, the existence of tetragonal distortions can-
not be excluded at the microscopic sale.?!

Figure 3(b) shows the Raman spectra of composition-
al-gradient BTS thin films. Raman spectra can detect impu-
rity phases at lower concentrations and are more sensitive
to noncrystalline phases than XRD. The structural informa-
tion from Raman spectra involves single TiO, octahedra.
According to previous studies,?>* the sharp “silent” mode
at 305 cm™! refers to the tetragonal phase. However, in this
paper, this mode disappears in the compositional-gradient
BTS thin films, and the Raman patterns are consistent with
the cubic phase of BaTiO;. Hence, the results for GIXRD
and Raman spectra support the crystallization state and pseu-
do-cubic phase in compositional-gradient BTS thin films.

3.3. SEM analyses

Generally speaking, a smooth, flat, and crack-free morphol-
ogy grants excellent properties of thin films.* The surface
morphology of thin films can greatly influence their prop-
erties. SEM micrographs of compositional-gradient BTS
thin films are shown in Fig. 4. The results demonstrate that
the surface morphology of BTS10/15/20, BTS15/20/25,
and BTS20/25/30 thin films is dense, crack-free, and well-
crystallized in granular grains with a uniform thickness of
~500 nm. The crystalline structure of thin films, as seen in
the SEM results, is in good agreement with XRD analyses.
In additional, from the cross-sectional SEM image in
Figs. 4(a,), 4(b,), and 4(c,), a clear interface can be seen
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between Pt(100)/Ti/SiO,/Si substrates and composition-
al-gradient BTS thin films, and no defects can be observed
at the interface between substrates and thin films. It is also
worth noting that no visible internal interface exists through-
out the thickness of compositional-gradient BTS thin films,
that is to say, there are no structurally visible internal inter-
faces that separate the individual layer compositions from
one another. This is because BTS10, BTS15, BTS20, BTS25,
and BTS30 thin films are similar and appear homogeneous in
nature, hence lacking the structural interface of the internal
compositional layers.?

3.4. Dielectric properties

The temperature dependence of the dielectric constant
and dielectric loss of BTS10/15/20, BTS15/20/25, and
BTS20/25/30 measured at 1 MHz from -95°C to 150°C
are shown in Figs. 5(a) and 5(b). The dielectric constant of
compositional-gradient BTS thin films is generally depressed
compared to single BTS thin films (Fig. 6), which facili-
tates their application in tunable components and devices
when impedance matching in circuits is taken into account.
When two layers with different polarizations are connected,
the polarizations can cause difference in performance at the
interface, so the dielectric constant of the compositional-gra-
dient BTS thin films is generally suppressed.

It can also be noted that the dielectric constant exhibits
dispersion as a function of temperature, which means that
compositional-gradient BTS thin films possess a broader,

bl

RG] A SLP TR RIteT o ReL

200nm

Fig. 4. SEM images of (a) BTS10/15/20, (b) BTS15/20/25, (c) BTS20/25/30 and cross-sectional SEM images of (a;) BTS10/15/20,

(b,) BTS15/20/25, (c;) BTS20/25/30.
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flatter, and diffused dielectric response with change in tem-
perature, thus reducing the dependence of dielectric behav-
iors on temperature. It was shown in a theoretical study
that the temperature sensitivity of dielectric response in the
gradient structure can be tailored by adjusting the degree of
compositional variation.’® The TCC is used to evaluate the
temperature stability?’:

TCC = AC/(C,AT), 3)

where AC is the change in capacitance with respect to C, at
20°C, and AT is the change in temperature with respect to
20°C. The TCC values are calculated with Eq. (3) and are
displayed in Table 1, where it can be seen that the TCC,,_5,
and TCC,, (s, values are only —0.9 x 10#/°C and 3.8 x
10~#/°C for BTS10/15/20 thin film. The low TCC value indi-
cates temperature stability, which is important for tunable
components and devices that operate over a wide range of
temperatures near room temperature. Although the reason for
low TCC values is not clear, it is believed that the preparation
method, the composition, the substrate type, the electrode
type, the annealing temperature, the defects, and the micro-
structure of compositional-gradient BTS thin films all play a
significant role in temperature stability.3® According to Cole
and colleagues, the diffusion of dielectric response with the
temperature can be attributed to the polarization grading and
interlayer interactions in compositional-gradient thin films.

Figure 7(a) exhibits the dielectric response of BTS10/
15/20, BTS15/20/25, and BTS20/25/30 as a function of fre-
quency. The dielectric constant of compositional-gradient
BTS thin films is lower than that of single BTS thin films
(Fig. 6) and the dielectric constant of BTS10/15/20 is 111
at 1 MHz. This is due to interface differences caused by
gradient polarization, as described above. In addition, the

@ BasSn,,.Ti,,.0,Thin Film (Magnetron Sputtering)”
@ BaSn, . Ti, .0, Thin Film (RF Sputtering)”

@ Basn,,,Ti, .0, Thin Film (RF Sputtering)"

@ BaSn, ,Ti, .0, Thin Film (Pulsed Laser Deposition)"
@ BaSn,,,Ti, ;0, Thin Film (RF Sputtering)”

© BaSn,,.Ti,,.0,Thin Film (Sol-gel)”

© BaSn,,.Ti,,;0, Thin Film (Sol-gel)"

@ This Work

Fig. 6. Comparison of maximum dielectric constant, tunability, and bias electric field between compositional-gradient BTS thin films and

single BTS thin films.
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Table 1. Comparison of the values of the temperature coefficient
of capacitance (TCC) with respect to 20°C for BTS10/15/20,
BTS15/20/25, and BTS20/25/30.

Sample TCCh 15 (104/°C)  TCCyy (g5, (10-4/°C)
BTS10/15/20 -0.9 3.8
BTS15/20/25 -0.6 28
BTS20/25/30 -0.7 33

increasing trend of dielectric loss before 1 MHz may be due
to the influence of contact resistance of the probe and elec-
trode and the LC resonance caused by the lead wire and the
tested film capacitor.**

The leakage current density of compositional-gradient
BTS thin films as a function of the bias electric field is shown
in Fig.7(b). This indicates that the leakage current density of
compositional- gradient BTS thin films is low at 16 kV/mm,
and in BTS10/15/20, the leakage current density is 7.4 X
107 A/cm?. This may be due to defects, for instance, charge
carriers, being trapped at compositional interfaces, which can
build barriers to depress defect movement.*> The reduction in
the dielectric constant and leakage current density is of great
importance for electrically tunable components and devices.

The variation range of the dielectric constant under the
bias electric field is an important indicator for dielectric tun-
able materials. The bias electric field dependent dielectric
constant for BTS10/15/20, BTS15/20/25, and BTS20/25/30
is presented in Fig. 8(a). Dielectric tunability is calculated by
the dielectric constant in Fig. 8(a) according to Eq. (1) and is
shown in Fig. 8(b). As expected, for all thin films, tunability
increases with increasing bias electric field. The tunability
of BTS10/15/20, BTS15/20/25, and BTS20/25/30 is 20.1%,
16.1%, and 17.2% at 1 MHz under 16 kV/mm, respectively.

200
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= - BTS20/25/30
2 150-/—\
S
o 1404
=
§ 120-
)
a 1004
80 : r . . . ;
-5 10 -5 0 5 10 15
Bias Electric Field (kV/mm)
(@)
Fig. 8.
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Fig. 7. (a) Dielectric constant and dielectric loss of BTS10/15/20,

BTS15/20/25, and BTS20/25/30 as a function of frequency;
(b) leakage current density of BTS10/15/20, BTS15/20/25, and
BTS20/25/30 as a function of bias electric field.
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(a) Dielectric constant, (b) dielectric tunability, (c) dielectric loss for BTS10/15/20, BTS15/20/25, and BTS20/25/30 as a function of

the bias electric field at 1 MHz; (d) dielectric tunability and FOM values of BTS10/15/20, BTS15/20/25, and BTS20/25/30 at 1 MHz under

16 kV/mm.
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Although the tunability of compositional-gradient BTS thin
films decreases with comparison to single BTS thin films as a
result of reduced dielectric constant (Fig. 6), it retains signifi-
cant tunability under low bias electric field, which avoids the
high tuning voltage, as described above.

Figure 8(c) shows the dielectric loss dependent on the bias
electric field of compositional-gradient BTS thin films. The
maximum dielectric loss for BTS10/15/20, BTS15/20/25,
and BTS20/25/30 is 0.00988, 0.00961, and 0.00851, respec-
tively. Low dielectric loss can result from the fact that defects
within thin films are trapped at the compositional interface
and can no longer move to compensate for the polarization
difference between layers.* Therefore, the trapped defects do
not reach to the electrodes, promoting the enhanced dielectric
characteristics of compositional-gradient BTS thin films.

The FOM value shown in Fig. 8(d) is introduced to eval-
uate the comprehensive tunable properties of composition-
al-gradient BTS thin films. The FOM value of BTS10/15/20,
BTS15/20/25, and BTS20/25/30 is 20.10, 16.75, and 19.11,
respectively. It is worth noting that the BTS10/15/20 shows
the largest FOM value due to its high tunability and low
dielectric loss.

The above discussion indicates that composition-
al-gradient thin films, particularly for BTS10/15/20, show
great benefits, in terms of excellent temperature stability
(TCCyy_i50 = —0.9 x 107#/°C), decreased dielectric constant
(88-111), low loss tangent (0.00988), low leakage current
density (7.4 x 1077 A/cm?), and high tunability (20.1%)
under low tuning voltage (8 V, where the corresponding bias
electric field is 16 kV/mm).

Figure 9 presents the simulation response for transmis-
sion response S(21) as a function of- frequency after apply-
ing a variable bias electric field to the compositional-gradient
BTS thin films. S(21) describes the voltage transmission
coefficient from the first port to the second when the sec-
ond port is connected to a matching load. For BTS10/15/20,
when dielectric constant is 110.4159 under a 0 kV/mm bias,
the resonant frequency is 4.79 GHz and finally moves to
4.83 GHz when dielectric constant is 88.5651 under a 16 kV/
mm bias, as seen in Fig. 9(a). At the same time, when the bias
electric field is between 0 kV/mm and 16 kV/mm, the reso-
nant frequency of BTS15/20/25 [Fig .9(b)] and BTS20/25/30
[Fig. 9(c)] moves from 4.69 GHz to 4.73 GHz and 4.72 GHz
to 4.76 GHz, respectively. The simulated resonant frequency
for compositional-gradient BTS thin films dependents on
the bias electric field, showing that thin films could be used
in electrically controllable and frequency selective tunable
components and devices.

4. Conclusion

In summary, compositional-gradient BTS thin films are
deposited on Pt(100)/Ti/Si0,/Si substrates with sol-gel using
spin coating. The thin films have a crystallization structure
with a crack-free and dense morphology consisting of a

J. Adv. Dielect. 11, 2150019 (2021)

pseudo-cubic phase. For BTS10/15/20 thin films, the TCC,,_
150 and TCCyy_ g5y value is only —0.9 x 10~%/°C and —3.8 x
107%/°C, respectively, demonstrating high temperature sta-
bility. The results also show that the thin films exhibit low
leakage current density and low dielectric loss due to the
defects trapped at their interfaces and do not reach the elec-
trode. At the same time, the tunability is 20.1% under 16 kV/
mm at 1 MHz for BTS10/15/20 thin films, while the dielec-
tric constant ranges from 88 to 111. The obtained tunability
for compositional-gradient BTS thin films avoids the use of
high tuning voltages, and the moderate dielectric constant is
beneficial for impedance matching in circuits. In addition,
the simulated resonant frequency for compositional-gradient
BTS thin films depends on the bias electric field, as can be
seen from the simulation results, which means that the thin
films can be used in electrically tunable applications. These
excellent properties make compositional-gradient BTS thin
films a promising candidate to be used in tunable components
and devices.
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