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Abstract: Ferroelectric (FE) thin films have recently attracted renewed interest in research due to their 
great potential for designing novel tunable electromagnetic devices such as large intelligent surfaces 
(LISs). However, the mechanism of how a polar structure in the FE thin films contributes to desired 
tunable performance, especially within the microwave frequency range, which is the most widely used 
frequency range of electromagnetics, has not been illustrated clearly. In this paper, we described 
several straightforward and cost-effective methods to fabricate and characterize Ba0.6Sr0.4TiO3 (BST) 
thin films at microwave frequencies. The prepared BST thin films here exhibit homogenous structures 
and great tunability ( ) in a wide frequency and temperature range when the applied field is in the 
out-of-plane direction. The high tunability can be attributed to high concentration of polar 
nanoclusters. Their response to the applied direct current (DC) field was directly visualized using a 
novel non-destructive near-field scanning microwave microscopy (NSMM) technique. Our results 
have provided some intriguing insights into the application of the FE thin films for future 
programmable high-frequency devices and systems.  
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1  Introduction 

Tunable electromagnetics has been proven to be vital 
for new emerging applications including active 
metasurfaces, coding metamaterials, and large intelligent 
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surfaces (LISs), which will play an important role in 
future generations of wireless communication 
including software-defined radios (SDRs). Nonlinear 
dielectric materials are promising candidates for a 
variety of enhanced tunability ( ) as the permittivity 
of these materials can be adjusted or “tuned” with the 
application of external stimuli such as an applied 
electric field [1]. Thus, the amplitude and phase of 
electromagnetic waves can be manipulated for both 
transmission and reflection [1,2]. These capabilities 
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allow the design of tunable devices such as resonators 
[3], transmission lines [4], filters [5], varactors, and 
phase shifters [6] for spectral and temporal control of 
radio signals, leading to the development of a novel 
architecture in the generation after next (GAN) 
wireless communications. Thus, there have been 
increasing demands for novel material discovery and 
optimization, including those nonlinear ferroelectric 
(FE) materials with high dielectric tunability, low loss 
tangents (tan ), and large figures of merit (FOMs). 

The FE materials are well-known for their strong 
nonlinear response to an applied electric field, either in 
their paraelectric (PE) phase or FE phase. In the past 
decade, FEs have always been studied in either bulk or 
film for tunable microwave applications. However, 
bulk FEs face major drawbacks such as the requirement 
of high tuning voltages and large sizes of devices, 
which are not ideal for miniaturization and integration 
of communication devices. These disadvantages can be 
alleviated by replacing them with FE thin films, 
wherein the required electric field is generated at a 
fraction of the voltage needed for the bulk FEs. 
Besides, FEs fabricated in the film configuration offer 
the means to integrate themselves onto high-frequency 
devices based on III–V semiconductors. 

The main application of tunable FE thin films for 
wireless communications is using them as tunable 
electronic components for beam steering antennas. The 
beam steering antennas can formulate lower side lobes 
of narrow directional beams to be steered in an 
appropriate direction of transmission and reception [7]. 
This technique has many merits, including producing 
higher directivity and gain, reduction in interference by 
avoiding interfering signals and directing the beam in 
the required direction, and capability of power-saving. 
Such beam steering antennas have a substantially 
broad military and commercial use including wireless 
networking and radar systems. The beam steering can 
be achieved by changing the phase of the input signal 
on all radiating elements. The PE phase of Ba0.6Sr0.4TiO3 
(BST) thin films is used to realize tunable varactors for 
achieving electronic beam steering. Since the 
permittivity of the BST thin films in their PE phase can 
be changed monolithically under the applied direct 
current (DC) bias, which can help change the phase of 
the input signal. Besides, the BST thin films are 
capable of continuous tuning at very high speeds with 
consuming low DC power [8]. 

Both dielectric permittivity (  ) and tan  of FE 

are temperature dependent. Generally, the FE material 
has a phase transition that happens at Curie point (TC) 
[9]. Above TC, the FE material is in its PE phase [1,10] 
and exhibits dielectric nonlinearity due to the existence 
of isolated local dipoles near TC. Recently, these 
isolated local dipoles are defined as polar nanoclusters, 
which are embedded within a non-polar cubic matrix 
[11,12]. This structure could avoid domain switching 
that causes high loss at the FE phase below TC. 
Therefore, the FE materials are always desired to be 
used in their PE phase for tunable applications. 

One of the most intensively studied FE compositions 
for tunable microwave applications is barium strontium 
titanate (BaxSr1−xTiO3), which is a solid solution 
compound that exhibits PE or FE properties at room 
temperature, depending on the specific composition 
[1,12]. Normally, TC of the FE thin film and ceramic 
bulk are different, even though they have the same 
composition because there is an effect from the 
substrate in the film fabrication process [13,14]. We 
have selected the composition of BST because its TC in 
the form of the ceramic bulk is below room temperature, 
and it is not a relaxor FE, which enables us to prepare 
the film with high tunability and low loss [12,15]. 
Moreover, we have provided a straightforward and 
convenient method to characterize the tunable dielectric 
properties of the FE thin films in the microwave 
frequency range and the wide temperature range, 
which are important regarding tunable material 
research. Furthermore, we have first highlighted the 
difference between out-of-plane tuning and in-plane 
tuning using two different structured BST thin films 
for different applications. This also helps to understand 
how to achieve high tunability from the FE thin films 
through the appropriate tuning direction. 

The BST thin films were prepared through the 
sol–gel and spin-coating soft chemistry processes, 
grown on two different substrates, namely Pt/Ti/SiO2/Si 
and sapphire, respectively. The BST thin film grown 
on the Pt/Ti/SiO2/Si substrate (abbreviated as BST/ 
Pt/Ti/SiO2/Si) can be coated with a top parallel plate 
electrode to work as a varactor through out-of-plane 
electrical tuning. Our fabricated BST/Pt/Ti/SiO2/Si 
demonstrates large tunability of over 50% in the 
frequency range from 1 to 5 GHz. The BST thin film 
grown on the sapphire substrate (abbreviated as 
BST/sapphire) can be patterned and used as a tunable 
coplanar waveguide (CPW) through in-plane electrical 
tuning. We developed CPW on this BST/sapphire film 



J Adv Ceram 2023, 12(8): 1521–1532  1523  

 

surface for measurement, which shows constant 
tunability of 15% at microwave frequencies from 1 to 
8 GHz. Both BST/Pt/Ti/SiO2/Si and BST/sapphire can 
work as tunable elements in RF ends for achieving 
phase shifting or beam steering to improve wireless 
communication systems [16,17], depending on the 
requirement of different applications. To simplify the 
electrode patterning process, an approach of using a 
magnetic mask was developed to deposit the required 
pattern on the surface of the BST thin films, which 
opens possibility for low-cost and high-throughput 
material characterization at high microwave frequencies. 
Finally, the distributions of the electric field in these 
two films are illustrated clearly to explain why they 
exhibit different tunable performance and provide 
insights into how the electrode configuration affects 
the tunability of the BST thin films at the microwave 
frequencies. 

2  Materials and methods 

2. 1  Preparation of precursor solution 

BST precursor solution was synthesized using barium 
acetate, strontium acetate, and titanium(IV) isopropoxide 
as starting materials. Stoichiometric amounts of barium 
acetate and strontium acetate were mixed in acetic acid. 
The solution was heated at 70 ℃ and stirred for 40 min 
to dissolve all particles. Then a stoichiometric amount 
of titanium(IV) isopropoxide was added to the solution, 
and the solution was stirred at 70 ℃ for another 30 min. 
To this solution, ethylene glycol was added in 1 : 3 
proportion to acetic acid. The sol thus prepared was 
stirred for 1 h for complex formation at 90 ℃ to 
obtain stoichiometric, transparent, and stable precursor 
solution. The concentration of the final solution was 
adjusted to 0.3 M with solution at a 1 : 3 ratio of 
ethylene glycol : acetic acid. 

2. 2  Film preparation 

The pure BST precursor solution was deposited on a 
Pt/Ti/SiO2/Si substrate by spin-coating at 3000 r·min−1 
for 30 s to form a single layer. After each spin-coating 
cycle, the film sample was dried in air at 250 ℃ for    
5 min on a hot plate, and then it was pyrolyzed at 
500 ℃ for 10 min in a Lenton tube furnace to remove 
any organic contamination inside the film. This 
procedure was repeated 6 times to obtain the BST thin 

film with desired thickness. Finally, the pre-baked 
films were crystallized by annealing in air at 700, 750, 
and 800 ℃ for 60 min. Among these three BST thin 
films, the film sintered at 750 ℃ demonstrated the 
densest microstructure and best tunable performance, 
as shown in Figs. S1–S4 in the Electronic 
Supplementary Material (ESM). Then the same 
fabrication process was used to prepare the BST thin 
film grown on a sapphire substrate, and the film was 
sintered at 750 ℃. 

2. 3  Film characterization 

Structural properties including crystalline structures of 
the BST thin films were investigated by the X-ray 
diffraction (XRD) measurement. XRD data were 
collected on an X-ray diffractometer (X’Pert Pro, 
PANalytical) fitted with a detector (X’Celerator, 
PANalytical) using Ni-filtered Cu-Kα radiation 
(  1.5418   Å). The BST thin film was coated with 
gold (Au) for surface and cross-sectional morphology 
characterization by a scanning electron microscope 
(SEM; Inspect-F Oxford, FEI) operated at 10 kV. 

For dielectric measurements below 1 MHz, an Au 
top circular electrode with a diameter of 0.4 mm was 
deposited on the surface of BST/Pt/Ti/SiO2/Si using a 
sputter coater (SC7620, EMITECH) through a 
designed mask. The top Au electrode, BST thin film, 
and bottom platinum (Pt) electrode together form a 
metal–dielectric–metal (MDM) capacitor. A precision 
impedance analyzer (4294A, Agilent) was used to 
measure dielectric permittivity, tunability, and tan  of 
it over the frequency range from 1 kHz to 1 MHz and 
the temperature range from 10 to 50 ℃ by connecting 
it with a sample stage, whose temperature can be 
controlled and adjusted. Temperature-dependent 
dielectric properties in a wider temperature range from 
−80 to 140 ℃ were measured with an LCR meter 
(4284A, Agilent). Polarization–electric  (P–E) field 
and current–electric (I–E) field loops were measured 
by an FE hysteresis measurement tester (NPL) with the 
voltage applied in the triangular waveform at 10 Hz 
[18]. An atomic force microscope (AFM; 5600LS, 
Agilent) was connected with a network analyzer 
(N5231A PNA-L, Agilent) to conduct near-field scanning 
microwave microscopy (NSMM) measurement. 

For the microwave characterization of the BST/ 
Pt/Ti/SiO2/Si sample, a silver parallel plate electrode 
was patterned on the surface of the BST film to form a 
parallel plate varactor for measurement. Each electrode 
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was patterned as a central circular patch surrounded by 
a concentric electrode on the measured FE thin film 
following the structure, as shown in Figs. 1(a) and 1(b). 
Two central patches with different radii of 20 2  and 
20 3 μm  were patterned on the same BST thin film, 
and then used for measurement to remove parasitic 
effect for extraction of their dielectric properties. 
Another smaller central patch with a radius of 20 μm  
was also patterned on the same sample to measure the 
reflection parameter (S11) within a wider frequency 
range. These three central patches were all surrounded 
by the same concentric electrode, which was patterned 
as a ring shape with an inner radius of 80 μm  and an 
outer radius of 300 μm . 

For the microwave characterization of the BST/ 
sapphire sample, the dielectric properties of the BST 
thin film were measured from CPW, which was made 
up of Au and deposited on the surface of the BST thin 
film. As shown in Fig. 1(c), the CPW pattern with 
transition was patterned on the surface of BST/sapphire 
and used for measuring this sample at the microwave 
 

 
 

Fig. 1  (a) Cross-sectional and (b) top view of parallel 
plate varactor. (c) Top–down image of CPW pattern 
(transmission line with transition) used for measuring 
dielectric permittivity and tunability of BST thin film 
grown on sapphire substrate. 

frequencies. CPW consists of a center conductor, 
separated from two ground planes by gaps. In the 
middle straight transmission line, the widths of the 
center conductor and the ground plane are 50 and 200 μm, 
respectively. The gap between the center conductor and 
the ground plane is 25 μm , and the length of this part 
is 600 μm . The transition parts at the top and bottom 
in this pattern allow probes with a larger tip gap for 
landing to avoid a short circuit happening at the gap 
between tips of the probe when applying a higher 
voltage. 

For patterning the parallel plate electrode on the 
BST/Pt/Ti/SiO2/Si sample and CPW on the BST/ 
sapphire sample, a robust approach was developed by 
depositing silver or Au on the film surface through a 
designed magnetic mask using a sputter coater 
(AGB7341, Agar Auto). The mask is made of 430 
stainless steel, which is the magnetic material, and thus 
it can be attracted by a magnetic holder underneath the 
BST thin film sample. In this way, the magnetic 
stainless steel mask, BST thin film sample, and 
magnetic holder could form a sandwich structure for 
sputter coating. The magnetic force between the mask 
and the holder is nearly even, which can help get the 
required pattern coated on the film surface. 

After coating the required pattern, the one-port 
reflection measurement (for a parallel plate electrode 
on BST/Pt/Ti/SiO2/Si) or two-port transmission 
measurement (for CPW on BST/sapphire) at the 
microwave frequencies was carried out by a network 
analyzer (N5230C PNA-L, Agilent) with applying 
different DC voltages. The scattering parameters    
(S parameters) were recorded for further data 
extraction. A 100 μm ground–signal–ground RF probe 
(model number: 40M-GSG-100-PLL, GGB Industries) 
or a pair of 525 μm ground–signal–ground RF probes 
(model number: 40M-GSG-525-PLL-OPT5, GGB 
Industries) was connected with PNA-L and used to 
land on the parallel plate electrode or CPW electrode; 
correspondingly, for one-port reflection measurement 
or two-port transmission measurement, a bias-tee 
(model number: SB18D3D, SigaTek) was used to 
apply the DC bias. 

3  Results and discussion 

3. 1  Phase structures and morphologies 

XRD patterns of the BST films grown on the Pt/Ti/ 
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SiO2/Si substrate and sapphire substrate are shown in 
Fig. 2. The (100), (110), (111), (200), (210), and (211) 
peaks corresponded to a perovskite structure are all 
clearly shown in both samples without the second 
phase, which indicates that each fabricated film 
possesses a polycrystalline perovskite structure. XRD 
profiles of the two BST thin films grown on different 
substrates are both well-fitted with a cubic perovskite 
structure in the space group 3Pm m , as shown in Fig. S5 
in the ESM. The calculated lattice constants and angles 
of the BST thin film grown on the Pt/Ti/SiO2/Si 
substrate and sapphire substrate are shown in Table S1 
in the ESM. The lattice constants of cubic Pt are a = b = 
c = 3.924 Å, while the lattice constants of sapphire are 
a = b = 4.758 Å. When the lattice constants of the 
deposited layer and the substrate are close, the lattice 
mismatch strain could induce lattice changes of the 
film. The lattice constant of the BST ceramic bulk is 
3.965 Å, which is slightly higher than the lattice 
constant of Pt. Thus, a small lattice mismatch between 
the BST thin film and the Pt layer results in the 
compressed strain in the BST thin film, inducing 
decreased lattice constants of the BST thin film grown 
on the Pt/Ti/SiO2/Si substrate. However, since the 
lattice mismatch between the BST thin film and the  
 

sapphire substrate is large, the lattice mismatch strain 
has less effect on the lattice constant of the BST thin 
film. This leads to the BST thin film being grown on 
the sapphire substrate with a lattice constant that is close 
to the BST ceramic bulk with the same composition [19]. 

Figure 3 shows a smooth surface without cracks and 
uniform thickness of the BST thin films grown on both 
 

 
 

Fig. 2  XRD patterns of BST thin films grown on 
Pt/Ti/SiO2/Si substrate or sapphire substrate. The main 
reflections of perovskite phase are indexed. XRD patterns 
of Pt/Ti/SiO2/Si substrate and sapphire substrate are added 
for reference. 

 
 

Fig. 3  Surface and corresponding cross-sectional SEM images of BST thin film. (a, b) BST thin film grown on Pt/Ti/SiO2/Si 
substrate. (c, d) BST thin film grown on sapphire substrate. 
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substrates. The average grain sizes of the BST thin film 
grown on the Pt/Ti/SiO2/Si substrate and the sapphire 
substrate were calculated as 13.83 and 24.66 nm, 
respectively, using the software of ImageJ. The 
distributions of the grain size, with their calculated 
average grain sizes and standard deviations of each 
BST thin film, can be seen in Fig. S6 in the ESM. 
High-resolution cross-sectional SEM images of these 
two BST thin films are shown in Fig. S7 in the ESM, 
and they reveal no secondary layer between the BST 
thin film and its corresponding substrate. 

3. 2  Dielectric properties 

3.2.1  BST/Pt/Ti/SiO2/Si 

Thermal dependency of the dielectric permittivity of 
the BST thin film grown on the Pt/Ti/SiO2/Si substrate 
at 10, 100, and 500 kHz are shown in Fig. S8 in the 
ESM. The BST thin film exhibits a broadened phase 
transition from the FE phase to the PE phase with the 
transition temperature between −49.0 and −34.3 ℃. 
While above this phase transition, it transfers to a 
nominally PE phase and contains polar nanoclusters 
embedded within a non-polar cubic matrix [12]. Each 
polar nanocluster contains switchable dipoles, and the 
polarization contribution to the dielectric permittivity 
intrinsically originates from dipole rotation [11,20]. It 
is very difficult to directly observe the polar nanoclusters 
using typical high-resolution microscopy [11,21]. 
However, the presence of the polar nanoclusters was 
also indicated by PE nature confirmed by dielectric test 
and polarization change under the voltage [22,23], 
which act as the signature of the polar nanoclusters. 

Figure S9 in the ESM shows P–E and I–E loops of 
the BST thin film measured under different applied 
electric fields at 10 Hz. In the I–E loops, the peaks near 
the y-axis indicate a rotation of the polar nanoclusters 
in the PE phase under the applied voltage. Both P–E 
and I–E loops are asymmetric since the BST thin film 
was coated with different bottom electrodes and top 
electrodes, which are Pt and Au, respectively, to form a 
MDM structure. This symmetry breaking could cause 
poling effect at the electrode–FE interface [24]. In this 
case, the impact of nonidentical electrodes is similar to 
that of an external DC bias field. This could result in a 
smearing of dielectric anomaly [25,26], which also 
leads to a broadened phase transition peak, as shown in 
Fig. S8 in the ESM. 

Meanwhile, there is an interfacial dielectric layer 

between the BST thin film and the Pt layer, which is 
commonly called as the “dead layer” [27] and also 
contributes to asymmetric shapes of the P–E and I–E 
loops. Besides, since this “dead layer” shows much 
lower dielectric permittivity than the BST thin film and 
forms a parasitic capacitor in series with the film [28], 
the measured dielectric permittivity of the BST 
thin-film capacitor is reduced compared to that of the 
BST bulk sample. In addition, the grain size of the 
BST thin film is much smaller than that of the BST 
bulk (normally above 1 μm), which also causes lower 
dielectric permittivity of the BST thin film compared 
with that of the BST bulk. Since the smaller grain size 
would lead to more grain boundaries inside the thin 
film, the dielectric permittivity of the grain boundaries 
is much lower than that of the grain, causing lower 
overall dielectric permittivity of the BST thin film. 

Figures 4(a) and 4(b) show variations of    and 
tan  of the BST thin film in the frequency range from 
1 kHz to 1 MHz at 25 ℃ without the bias and with 
the applied DC electric field of 30 kV·mm−1, 
respectively. These results were all obtained by 
applying an oscillation voltage of 0.5 V. The film 
thickness characterized by SEM is 500 nm, and a low 
DC bias voltage of 15 V was applied in this test, 
resulting in the applied electric field of 30 kV·mm−1. 
The dielectric response results from a short-range 
rotation of dipoles under the influence of an externally 
applied electric field. The dielectric permittivity of the 
BST thin film gradually decreases when the DC bias is 
increasing, leading to dielectric tunability. The   of a 
material can be expressed by Eq. (1): 

 

0 E

0

  
   100%

 





        (1) 

where 0  and E  are the dielectric permittivity at 
zero and applied field, respectively. 

Figures 4(a) and 4(b) also show that the dielectric 
permittivity and tan  of the BST film both decrease 
in the whole measured frequency range when applying 
the DC field. Under the applied electric field of     
30 kV·mm−1, high tunability of 60.2% at 1 MHz and 
25 ℃ is obtained. For tunable microwave devices, 
FOM is always chosen to qualify tunable performance, 
which is defined as FOM = tunability/tan . Table 1 
compares the dielectric properties of the BST thin 
films prepared in this work with those reported in Refs. 
[29–33]. The BST thin film grown on the Pt/Ti/SiO2/Si 
substrate from this work exhibits superior tunability 
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Fig. 4  (a)    and (b) tanδ of BST thin film grown on Pt/Ti/SiO2/Si substrate without bias and with applied DC electric field of 

30 kV·mm−1 (DC bias of 15 V) from 1 kHz to 1 MHz at 25 ℃. (c)    and (d) tanδ of BST thin film grown on Pt/Ti/SiO2/Si 

substrate without bias from 10 to 50 ℃ at 100 kHz. (e) Tunability and (f) FOMs of BST thin film grown on Pt/Ti/SiO2/Si 

substrate under electric field of 30 kV·mm−1 in temperature range of 10–50 ℃ at 100 kHz. 
  

Table 1  Dielectric properties of BST thin films prepared in this work in comparison with those reported in Refs. [29–33] 

Material Preparation method Frequency Tunability (%) Loss FOM 

BST (this work) Sol–gel 100 kHz 60.2 (30 kV·mm−1) 0.0220 27.4 (30 kV·mm−1) 

BST [29] Sol–gel 100 kHz 34.2 (50 kV·mm−1) 0.0250 13.7 (50 kV·mm−1) 

BST [30] Sol–gel 100 kHz 65.3 (50 kV·mm−1) 0.0618 10.6 (50 kV·mm−1) 

BST [31] Sol–gel 2 MHz 46.53 (37.7 kV·mm−1) 0.0184 25.3 (37.7 kV·mm−1) 

BST [32] Magnetron sputtering 100 kHz 49.4 (45.5 kV·mm−1) 0.0150 32.9 (45.5 kV·mm−1) 

BST [33] Pulsed laser deposition 10 kHz 48.5 (30 kV·mm−1) 0.0280 17.3 (30 kV·mm−1) 

 
and FOM values, achieved through a cost-effective and 
efficient technique. 

As shown in Fig. S8 in the ESM, at 25 ℃, the film 
is above and close to the phase transition range. Thus, 
the dipoles inside are active under the DC bias at this 
status, resulting in high tunability. Table S2 in the ESM 
also indicates that as the applied electric field is 
increasing, the dielectric permittivity and tan  
gradually decrease, while the tunability gradually 
increases. The reason is that when applying the DC 
field, the original dipole direction will rotate towards 
the direction of the DC bias, and the activity of the 
dipoles in the BST thin film is restrained by the applied 
DC bias field in this way, resulting in lower dielectric 
permittivity and lower tan  [34]. 

Figures 4(c)–4(f) show temperature-dependent 
tunable performance of the BST thin film in the 

temperature range of 10–50 ℃ and at the frequency 
of 100 kHz. In Fig. 4(e), the tunability increases from 
10 to 20 ℃, and then decreases from 20 to 50 ℃. As 
shown in Figs. 4(e) and 4(f), the highest tunability and 
highest FOM value of the BST thin film, respectively, 
can be obtained in the temperature range from 15 to 25 ℃, 
which is around the room-temperature range. Further 
increasing the temperature above TC results in reducing 
the density of the polar nanoclusters. At the same time, 
the dipoles inside the polar nanoclusters become more 
active and exhibit better flexibility since they have 
more energy to rotate at a higher temperature, which 
can lead to higher tunability. Thus, when increasing the 
temperature from TC, lower concentration of the polar 
nanoclusters and more active dipoles reach a trade-off 
from 15 to 25 ℃, generating the highest tunability and 
FOM in this temperature range. 
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The    and tan  of the prepared BST thin film 
grown on the Pt/Ti/SiO2/Si substrate in the microwave 
frequency range of 1–5 GHz without an applied DC 
bias are shown in Figs. 5(a) and 5(b), respectively, 
which were extracted from measured S11 of the sample 
following the extraction method described in Ref. [35]. 
The    decreases significantly from 516.9 at 1 MHz 
to 68.4 at 1 GHz, and it keeps decreasing to 54.7 at   
5 GHz. It is because in the dielectric material, there are 
different types of polarization mechanisms, and each of 
them works at different frequencies [20,36]. The 
dipoles with shorter relaxation time could contribute to 
the polarization and dielectric permittivity at both low 
and high frequencies, while the dipoles with longer 
relaxation time only contribute to the dielectric 
permittivity at low frequencies [12]. 

Figure 5(c) shows the tunability of the BST thin film 
in the frequency range from 1 to 5 GHz under 50 kV·mm−1 
(an applied DC bias of 25 V). It demonstrates the high 
tunability above 50% in the whole frequency range 
under the low applied voltage. However, it is lower 
than the tunability of 60.2% at 1 MHz, which is 
 

 
 

Fig. 5  (a)    and (b) tanδ of BST thin film grown on 

Pt/Ti/SiO2/Si substrate without bias at 1–5 GHz at 25 ℃. 
(c) Tunability of BST thin film grown on Pt/Ti/SiO2/Si 
substrate under 25 V (electric field of 50 kV·mm−1) in 
frequency range from 1 to 5 GHz at 25 ℃. 

achieved from the same film and under an even lower 
applied electric field of 30 kV·mm−1. This is also due 
to less polarization that exists in the BST thin film in 
the higher frequency range. Thus, when applying the 
DC bias, there are fewer dipoles that could rotate 
toward the direction of the electric field, resulting in 
lower tunability. 

NSMM is one of the innovative tools used to study 
bulks, thin films, and nanoscale materials and devices. 
The goal of NSMM is to bring quantitative broadband 
measurements at the microwave frequencies down to 
micrometer or nanometer levels [37]. For tunable 
materials, the permittivity of the material changes 
when a DC bias is applied, leading to different 
impedance and consequently different S11. The NSMM 
technique can be used to visualize the change in S11 of 
the sample under the applied DC bias in the microwave 
frequency range, providing a direct way to observe the 
tunable region of the sample. To further study how the 
local area inside the BST film acts under a DC bias, the 
BST/Pt/Ti/SiO2/Si sample was characterized by 
NSMM. The low voltage of 10 V was applied on the 
BST thin film at 6.7 GHz by voltage biasing the probe 
tip. The grounded Pt beneath the dielectric thin film 
acts as a ground plane. As shown in Fig. S10 in the 
ESM, in the NSMM image of 400 μm2 area, there are 
changes in the signal from the S11 phase in different 
small areas under 10 V. 

The data measured from NSMM need to be 
processed to compare the phase difference and 
topography difference without bias and under the bias 
of 10 V to remove topography effect on the S11 change 
under the applied bias. As can be seen in Fig. 6, both 
mappings are min–max normalized to allow the 
comparison between the two measured quantities. We 
investigated whether the tunability has any dependence 
on topography (roughness) of the sample by calculating 
the two-dimensional (2D) correlation coefficient (r) 
between the normalized phase and the topography 
difference mappings (Eq. (2)) [38]: 
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where mnP  indicates the phase difference at the (m,n)th 
location (pixel) of the phase mapping (Fig. 6(a)), and 
P  is the mean pixel intensity. Likewise, mnT  and T  
are the topography difference at the (m,n)th location 
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Fig. 6  (a) Difference of S11 phase measurements at 0 and 10 V DC biases, normalized to the range of 0–1. (b) Difference of 
topography measurements at 0 and 10 V DC biases, normalized to the range of 0–1. Both mappings have a pixel size of 256 × 256. 

 
and the mean pixel intensity of the topography 
mapping (Fig. 6(b)), respectively. Both m and n run 
from 1 to 256. The r ranges from −1 to 1, and the sign 
of r reflects a negative or positive correlation, while 0 
reflects no correlation at all between the two quantities. 
The calculated r between the measured phase difference 
and the topography difference mappings is 0.0412, 
indicating that the change of the S11 phase under a bias 
of 10 V has almost no dependence on the sample 
topography. This indicates that the change of the S11 
phase from local areas inside the BST thin film 
contributes to the overall change of S11, which 
represents the origin of the tunability. 

Another evidence is that measured S11 of the 
BST/Pt/Ti/SiO2/Si sample, which is the same sample, 
as characterized by NSMM, shows a clear shift under a 
DC bias of 10 V (an electric field of 20 kV·mm−1) 
from 1 to 8 GHz, as shown in Fig. S11 in the ESM, 
which corresponds to the NSMM measurement and 
evidences the tunable performance. The phase of S11 
increased when a DC bias of 10 V was applied since 
the capacitance of the BST-based varactor decreased 
under the bias. This material structure of the BST thin 
film grown on the conductive layer could be used for 
the tunable microwave device design such as the 
parallel plate varactor and phase shifters [39,40]. 

3.2.2  BST/sapphire 

The CPW pattern was patterned on the surface of the 
BST/sapphire to measure and extract the dielectric 
permittivity and tunability of it at the microwave 
frequencies. CPW always acts as a transmission line 
for electromagnetic characterization at wideband 
frequencies. CPW was deposited onto both the surface 
of the reference sapphire substrate and the BST/ 
sapphire for comparison and data extraction. The 
conformal mapping of the field within CPW was 

followed to determine the dielectric permittivity of the 
BST/sapphire thin film, following the procedures 
described in Refs. [41,42]. 

Figure 7 shows extracted    and tunability of the BST 
thin film grown on the sapphire substrate at 1–8 GHz. 
The    is decreasing from 144.9 at 1 GHz to 121.9 at 
8 GHz due to fewer dipoles and polarization inside, 
while it is higher than that of the BST film grown on 
the Pt/Ti/SiO2/Si substrate since the grain size of the 
BST grown on the sapphire is larger. Tunability    
data were obtained by applying a low voltage of    
30 V through a GSG probe, and the tunability of 
around 15% was achieved in the whole frequency 
range of 1–8 GHz. 

As can be seen in Fig. 8, when applying the same 
DC bias, the electric field generated by the parallel 
plate electrode is in the out-of-plane direction and 
applied fully through the BST thin film [39], while the 

 

 
 

Fig. 7  (a)    without DC bias and (b) tunability of BST 
thin film grown on sapphire substrate under applied DC 
bias of 30 V as a function of frequency from 1 to 8 GHz. 
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Fig. 8  Distributions of electric field following (a) out-of-plane direction in parallel plate electrode on BST/Pt/Ti/SiO2/Si 
sample and (b) in-plane direction of CPW transmission line on BST/sapphire sample. 

  

electric field applied by the CPW electrode is along the 
in-plane direction, and part of the DC electric field is 
going through the sapphire substrate other than the 
BST thin film [43]. Thus, the DC electric field 
generated by the parallel plate electrode could help 
lead to a much higher nominally electric field under the 
same DC bias voltage since the film thickness (500 nm) 
is much smaller than the gap width (25 μm) in the 
CPW electrode pattern. Therefore, the tunability 
obtained from BST/Pt/Ti/SiO2/Si measured by the 
structure of the parallel plate varactor is higher than the 
tunability measured from BST/sapphire coated with 
the CPW electrode even though the applied DC voltage 
on the CPW electrode is higher. 

4  Conclusions 

In summary, BST thin films have been successfully 
fabricated on two different substrates of Pt/Ti/SiO2/Si 
and sapphire by sol–gel and spin-coating soft chemistry 
methods, respectively. The dielectric properties and 
tunable performance of these two BST thin films have 
been explained clearly by the new concept of the 
presence of the polar nanoclusters inside the film. 

For the BST/Pt/Ti/SiO2/Si film, the high tunability 
and FOM value have been achieved around room 
temperature at 100 kHz since the phase transition of 
this film is near and below room temperature. 
Furthermore, the high tunability of over 50% has also 
been obtained in the microwave frequency range of 
1–5 GHz from this BST thin film when integrating it as 
the parallel plate varactor. Meanwhile, the novel 
technique of NSMM was applied to observe the 
change of the S11 phase at the local area in the film 
under a DC bias, which could provide the evidence for 
the origin of the tunability of the BST thin film. For the 
BST/sapphire film patterned with the CPW 

transmission line for the microwave measurement, the 
tunability of around 15% has been achieved at 1–8 GHz, 
which could meet the requirement of the tunable 
microwave devices through in-plane tuning. 

The distribution of the electric field plays an 
important role in tuning the BST thin films. These two 
BST thin films prepared on different substrates can be 
integrated with different electrode structures for 
various electrically tunable device designs. 
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