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Abstract— Barium Strontium Titanate (BST) is a versatile 

material with numerous applications in today’s modern 

technology primarily due to its ferroeletric and dielectric 

properties. BST thin film varactos are increasingly recognized for 

their potential in wireless comuunication applications due to its 

unique properties, tunability and power handling capability. This 

paper presents the modelling of a BST thin film varactor on 

sapphire substrate and, the correlation between its tunability and 

1 dB compression point. A parametric analysis was performed to 

investigate the impact of varying its interdigital capacitor (IDC) 

geometry on the shape of the nonlinear capacitance-voltage (C-V) 

curve. Three distinct C-V curves namely narrow, broad and 

intermediate varactors were determined and their tunabilities and 

1 dB compression points were derived. Comparisons were made 

between the simulated and measured results where the narrow 

varactor achieved the highest tunability of ~50 % and the broad 

varactor achieved the highest 1 dB compression point of ~41 dBm. 

The results demonstrate the potential for these varactors to be 

incorporated in wireless communication systems. 

 
Index Terms—barium strontium titanate (BST), compression 

points, interdigital capacitor (IDC), wireless communication 

systems, tunability 

 

I. INTRODUCTION 

Complex-oxide thin films are gaining ground in the 

development of future wireless communication and information 

systems. The emergence of ferroelectric materials, in particular 

barium strontium titanate (BST) which has unique microwave 

properties of large dielectric tunability and low microwave loss 

at room temperature, has sparked research interest for the past 

30 years [1-3]. One of the major areas where ferroelectric 

materials can play a significant role is in the RF and microwave 

systems which are increasingly broadband, leverage digital 

solutions, and demand extremely high linearity, seeking also to 

minimize size, weight, power and cost [4]. The growing 

demand for higher broadband/bandwidth and multiple channels 

requires the current and future wireless systems to be more 

adaptable and reconfigurable.   

Ferroelectric materials are attractive to microwave and 

optical applications due to their physical properties that are 

sensitive towards external electric, magnetic and mechanical 

fields as well as to temperature. The physical properties include 

permittivity, permeability, polarization and refractive index [5]. 

BST thin film in paraelectric phase exhibits a nonlinear 

characteristic when an electric field is applied and the physical 

tuning of its dielectric permittivity is fundamental in realising 

an electronically tunable microwave component known as a 

variable capacitor or varactor [6]. 

The BST thin film varactors have a significant impact on the 

realisation of many adaptive, flexible and reconfigurable 

microwave devices such as tunable bandpass filter for single 

and dual-band SDR front-ends [7], phase shifters for 

electronically steerable satellite communication and radar 

systems [8], a switchless quad band filter based on BST FBARs 

for matching networks [9], a compact wideband antenna 

utilizing BST nanoparticles as filler [10] and BST for 5G 

applications [11]. A plethora of research studies have focused 

on enhancing the tunability and lowering the microwave losses 

of the varactors to be implemented in these microwave devices. 

However, only a few research studies have emphasized the 

large-signal performance of nonlinear BST thin film varactors 

in which the important device parameters are linearity and 

power handling capability.  

C. Schuster et al. presented a tunable multi-bandstop filter 

based on commercially available BST thin film varactors which 

offers higher tunability, higher linearity, good power handling 

capability and moderate losses compared to conventional 

tunable bandpass solutions [12]. Other researches from the 

Institute for Microwave Engineering and Photonics, 

Technische Universität Darmstadt emphasized mostly on the 

performance of BST thick films being applied in tunable 

matching network, high power matching circuits and filters [13-

15]. 

These studies, however, did not emphasize the importance of 

the 1 dB compression point of BST varactors. More 

importantly, the relationship between the tunability and the 1 

dB compression point of BST thin film varactor has not been 

studied in detail. The 1 dB compression point is defined as the 

power level at which the output power of a nonlinear device 
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reduces by 1 dB from its ideal linear response. At this point, the 

gain response of the device is reduced by 1 dB.  

This work aims to develop a correlation between the 

tunability and 1 dB compression points of BST thin film 

varactors fabricated on c-plane sapphire substrates. The 

research objective is to analyse the effect of varying the 

geometry of the BST interdigital capacitor (IDC) in terms of its 

finger gap, finger width, finger length and the number of fingers 

on the shape of the nonlinear C-V curves. The shape of the C-

V curves will certainly become narrower or broader, depending 

on the geometry selections. The relationships between the 

optimised C-V curves and their 1 dB compression points are 

subsequently shown by simulations and measurements. 

II. MODELLING OF BST INTERDIGITAL CAPACITOR 

The BST IDC geometry was initially modelled in Computer 

Simulation Technology (CST) software with the parameter 

specifications given in Table I. The same IDC specifications for 

the 400 nm BST layer was previously fabricated on c-plane 

sapphire substrates [16]. The measured capacitance values were 

then used to accurately determine the corresponding dielectric 

constants from 0 to 40 V for the simulation setup which will be 

discussed later. In this research, BST thin films were deposited 

on c-plane sapphire substrates using the Kurt J. Lesker RF 

magnetron sputterer. A thickness of ~400 nm was consistently 

achieved in all samples. The samples were then post-annealed 

in air and IDCs were fabricated on the samples as elaborated in 

[16], achieving ~50 % tunability and Qmax of ~20 at 10 GHz. 

The initial model of the BST varactor on sapphire substrate 

is shown in Figure 1. The BST interdigital capacitor (IDC) 

geometry which consisted of finger gap (fG), finger width (fW), 

finger length (fL) and number of fingers (fN) was designed on 

top of a BST layer on sapphire substrate. The values of these 

parameters are tabulated in Table I. The IDC was designed with 

perfect electric conductor (PEC) electrodes and pads in an 

enclosed shielded structure.  

Two full plane ports were defined and boundary conditions 

of perfectly electric conducting walls were assigned at each side 

of the structure as depicted in Figure 2. The size of the 

waveguide port should be reasonably large enough to 

incorporate a significant part of the varactor fields. A port size 

that is too large may cause higher order waveguide modes to 

propagate in the port which results in very slow energy decays 

in the transient and sharp spikes in the frequency domain 

simulations respectively. However, a port size which is too  

 
Fig. 1. (a) Side view and (b) cross section of the modelled BST 

interdigital capacitor geometry. 

 

 
Fig. 2. The boundary conditions with perfect electric 

conducting walls at each side of the modelled device structure. 
 

small may cause degradation of the S-parameter’s accuracy or 

even instabilities of the transient solver [17]. Therefore, the 

easiest method of defining the ports which covers the entire 

boundary face of the device structure is to use the Full Plane 

option. 

Depending on the type of structure to be simulated, the 

transient (time domain) solver and frequency domain solver are 

typically chosen to calculate the S-parameters. A transient 

solver is more suitable to simulate any kind of S-parameter or 

antenna problem and with the broadband simulation, the S-

parameters for the entire desired frequency range could be 

achieved. The frequency domain solver is the fastest tool when 

it comes to calculating a small number of frequency samples 

and, to reduce simulation time, a broadband S-parameter 

simulation with adaptively chosen frequency samples is 

performed [17]. Since the device structure is a nonlinear 

frequency dependent BST varactor, the frequency domain 

solver was chosen for this type of simulation. 

Before simulating the structure, the type of mesh must be 

considered due to its strong influence on the accuracy and speed 

of the simulation. The types of meshes which are typically 

selected are hexahedral mesh and tetrahedral mesh. In this case, 

tetrahedral mesh was implemented across the structure with 

local mesh refinements around the area of the electrodes as 

depicted in Figure 3. If hexahedral mesh is implemented, it may 

produce a large overhead in the number of elements for that part 

of the computational domain that does not require a fine mesh. 

For a small-scaled geometry such as the interdigital capacitor,  

TABLE I . PARAMETER VALUES OF MODELLED BST IDC 

Parameter Value 

Finger gap: fG (µm) 1 

Finger width: fW (µm) 1 
Finger length: fL (µm) 110 

Number of fingers: fN 8 

BST film thickness: hbst (µm) 0.4 
Sapphire thickness: hsub (µm) 1.2 

Electrode thickness: helec (µm) 2.0 

Sapphire dielectric constant: εr 10.2 
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Fig. 3. Tetrahedral meshing with mesh refinements across the 

area of the modelled interdigital electrodes (a) Side view and 

(b) enlarge view of the tetrahedral meshing across the 

electrodes. 

 

 
Fig. 4. Simulated and measured C-V curves of the BST varactor 

at 10 GHz. 

 

tetrahedral mesh is more suitable as it does not include many 

mesh cells and can resolve the thin structure locally [17]. A total 

of ~27000 mesh elements were applied across the entire 

structure.  

The simulation was subsequently performed by sweeping the 

dielectric constant of the defined BST thin film from 487 to 200 

which corresponded to the bias voltage from 0 to 40 V of the 

measured BST varactor. The simulated and measured C-V 

curves at 10 GHz are shown in Figure 4 where excellent 

agreement is achieved. 

III. PARAMETRIC ANALYSIS OF MODELLED BST STRUCTURE  

In this section parametric analysis was performed by varying 

the IDC geometry and the changes in the shape of the nonlinear 

C-V curves were analysed. The aim of this analysis was to 

optimise the IDC parameter values for defining three distinct C-

V curves: narrow, broad and intermediate curves.  

In Figure 5, finger gap, fG is varied from 1 to 10 µm while 

the other parameters such as finger width, fW finger length, fL 

and number of fingers, fN are held constant at 1 µm, 110 µm 

 
Fig. 5. The nonlinear C-V curves by varying the finger gap from 

1 to 10 µm. 

 

 
Fig. 6. The nonlinear C-V curves by varying the finger width 

from 1 to 10 µm. 

 

and 8 respectively. As observed, the C-V curve becomes 

broader when fG increases and the capacitance value drops over 

the entire tuning voltage range. This indicates a significant 

reduction in the tunability when fG increases with the peak 

capacitance, Cmax drops from 1.47 to 0.80 pF between 1 and 5 

µm. Also, Cmax drops significantly from 1 to 2 µm with a 0.49 

pF difference. This notable difference can be attributed to the 

higher confinement of DC and microwave fields [5] in the BST 

film of the 1 µm finger gap, thus resulting in a higher tunability 

than the 2 µm finger gap. Notice that Cmax escalates from 0.82 

to 0.98 pF between 6 and 10 µm respectively. However, the 

reducing tunability trend occurs from 1 to 9 µm between 50.46 

and 16.34 % but then a slight rise to 17.76 % at 10 µm. 

Figure 6 shows the variation of finger width, fW from 1 to 10 

µm while the other parameters are fixed at fG = 1 µm, fL = 110 

µm and fN = 8, resulting in an upward trend. As observed, the 

capacitance value increases uniformly over the entire tuning 

voltage range with Cmax rises from 1.47 to 2.55 pF. However, 

the C-V curve becomes broader as fw increases from 1 to 9 µm 

which reduces the tunability from 50.46 to 33.39 % but then 

slightly increases to 35.17 % at 10 µm. 

In Figure 7, fL is varied from 70 to 160 µm while fG = fW = 1 

µm and fN = 8. An uptrend pattern is observed where the 

capacitance value increases uniformly over the entire tuning  
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Fig. 7. The nonlinear C-V curves by varying the finger length 

from 90 to 150 µm. 

 

 
Fig. 8. The nonlinear C-V curves by varying the number of 

fingers from 4 to 12. 

 

voltage range with Cmax increases from 1.10 to 1.91 pF. 

However, in contrast to Figure 6, the C-V curve becomes 

narrower which increases the tunability from 45.70 to 55.71 %. 

Figure 8 also indicates that by varying fN from 4 to 12 with  

constant parameters at fG = fW = 1 µm and fL = 110 µm, Cmax 

increases from 0.95 to 2.97 pF and the C-V curve becomes 

narrower. However, this trend has a slight impact on the 

tunability, which is about 2% rise from 4 to 12. 

IV. 1 DB COMPRESSION POINT OF BST VARACTOR 

From the parametric analysis shown in the previous section, 

the narrow, broad and intermediate C-V curves were extracted 

and 1 dB compression points for all cases were determined. The 

IDC geometry for each case was optimised with Cmax value 

preserved at ~1.47 pF as depicted in Figure 4.  

Table II shows the optimised parameter values for each case. 

For the narrow curve, the IDC geometry was chosen to achieve 

the highest tunability of 50.5 %. This was well in agreement 

with [5] where the highest degree of confinement of DC and 

microwave fields in the BST film can be realised due to fg ≈ fw 

with the smallest values. The IDC geometry for the broad curve 

was chosen to achieve the lowest tunability at 13.6 %. In this 

case, the lowest confinement of DC and microwave fields in the 

BST film was realised due to the largest values of fg and fw. 

Figure 9 shows the electric field distributions between the  

 

 

 
 

Fig. 9. Electric field distributions between the 1 µm and 10 µm 

gap varactors. 

 

 
Fig. 10. Simulated narrow, broad and intermediate nonlinear C-

V curves. 

 

gaps of the electrodes for the narrow and broad varactors. As 

observed, high intensity of E-fields (indicated with dark orange 

colour) occurs between the 1 µm gaps while considerably less 

E-fields intensity is expected between the 10 µm gaps. The IDC 

geometry for the intermediate curve achieved a tunability of 

26.2 %. All the curves are depicted in Figure 10. 

The data in Figure 10 was subsequently compared to the 

established nonlinear C-V BST varactor model [18] via a curve-

fitting function in MATLAB. A very good fit was achieved and  

TABLE II. PARAMETER VALUES OF NARROW, BROAD AND INTERMEDIATE 

C-V CURVES 

Parameter Narrow Broad Intermediate 

Finger gap: fG (µm) 1 10 7 

Finger width: fW (µm) 1 10 7 

Finger length: fL (µm) 110 155 160 
Number of fingers: fN 8 8 8 

Simulated 

capacitance 

(pF) 

0 V 1.47 1.47 1.47 

40 V 0.73 1.27 0.91 

Simulated tunability 
(%) 

50.5 13.6 26.2 
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Fig. 11. The nonlinear equation-based capacitor in a two-port 

series network for determining the 1 dB compression point. 

 

 
 

Fig. 12. The 1 dB compression point of the simulated narrow, 

broad and intermediate C-V curves. 

 

important parameter values of the fringing capacitance (Cf) and 

the “2:1” voltage (V2) were extracted. Using Agilent Advanced 

Design System (ADS) software, this nonlinear model along 

with the extracted parameter values were substituted into a 

nonlinear equation-based capacitor of a simple two-port series 

network as designed in Figure 11. The simulation was then 

performed by varying the input power from -10 to 50 dBm and 

the 1 dB compression point for each C-V curve was determined. 

Figure 12 shows the 1 dB compression points for the narrow, 

broad and intermediate C-V curves. As observed, the broad 

curve achieves the highest 1 dB compression point at 41 dBm 

compared to the narrow and intermediate curves at 29 and 32 

dBm respectively. Even though the broad curve could withstand 

higher input power levels, it is compensated by having the 

lowest tunability. In contrast, the narrow curve compresses at 

lower input power levels but achieves the highest tunability. 

However, a BST varactor with reasonably high tunability and 1 

dB compression point could be realised with the intermediate 

curve. 

 
Fig. 13. (a) The whole fabricated BST thin film varactors with 

different geometries on c-plane substrate, (b) the narrow 

varactor and (c) the intermediate and broad varactors on the left 

and right sides respectively. 

V. MICROWAVE MEASUREMENTS OF BST VARACTOR 

All the optimised C-V curves were realised in the physical form 

of varactors. The narrow, broad and intermediate varactors 

were fabricated on the deposited 400 nm BST layer grown on 

c-plane sapphire substrate. The details of the material 

deposition and fabrication process were comprehensively 

discussed in [19]. Figure 13 shows the fabricated BST thin film 

varactors. Microwave measurements were performed and the 

results for all three varactors are tabulated in Table III.  

Figure 14 shows the measured C-V curves for all three 

varactors. As observed, the measured Cmax (0 V) for the broad 

and intermediate varactors were lower than ~1.47 pF of the 

equivalent simulated results and the tunabilities were also 

degraded due to the broader shape of the curves. The major 

constraint identified was strain-induced film due to the 

existence of oxygen vacancies which contributed to the lower 

tunability of the varactors. In this case, thinner film usually has 

a higher tensile strain and reduced grain size, which contributes 

to the lower dielectric constant. However, it was reported that 

the BST thickness could be optimised to achieve strain-relieved 

film with the highest tunability [20]. Post-annealing the film in 

air assisted in improving the quality of the film, making it more 

crystalline and significantly reducing strain in the film. 

The measured data for all varactors from Figure 14 were 

compared to the established nonlinear BST model and 

substituted in the network similar to Figure 11. Simulation was  

TABLE III. PERFORMANCE OF MEASURED NARROW, BROAD AND INTERMEDIATE 

VARACTORS AT 10 GHZ 

Type of varactor Narrow Broad Intermediate 

Bias voltage (V) 0 40 0 40 0 40 

Capacitance (pF) 1.4805 0.7365 0.4927 0.463 1.0876 0.8219 

Q-factor 8.74 20.76 16.3 24.6 12.6 22.23 

Tunabiliy (%) 50.25 6.04 24.4 
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Fig. 14. The nonlinear C-V curves of the measured (M) narrow, 

broad and intermediate varactors. 

 

 
Fig. 15. The 1 dB compression point of the measured narrow, 

broad and intermediate varactors. 

 

performed and the 1 dB compression point for each varactor 

was extracted as depicted in Figure 15.  

Table IV shows the relationships between tunabilities and 1 

dB compression points for all measured and simulated 

varactors. As observed, the tunabilites of the measured 

varactors had dropped compared to their respective simulated 

varactors mainly in the broad varactor. It is evident that Cmax 

along with the tunability for each varactor had changed. 

However, the extracted 1 dB compression points for the 

measured varactor results were comparable to the simulated 

results. Although the intermediate varactors had a 4.6 dB 

difference between them, this could be attributed to the much 

broader curve of the measured intermediate varactor and a 

slight fabrication issue. The relationship between the tunability 

and the 1 dB compression point is still valid; the varactor with 

the highest tunability produces the lowest 1 dB compression 

point while varactor with the lowest tunability produces the 

highest 1 dB compression point. 

VI. CONCLUSION 

This paper has presented the relationship between the 

tunability and the 1 dB compression point of a BST varactor. 

The interdigital capacitor was modelled using CST software 

and a parametric analysis was made of its geometry by varying 

the finger gap, finger width, finger length and number of fingers 

in the specified design range. The effects on the shape of the 

nonlinear C-V curves were analysed for each parameter 

variation and three distinct C-V curves of narrow, broad and 

intermediate curves were subsequently produced. The 1 dB 

compression points for the optimised C-V curves were finally 

extracted from simulation.  

For the equivalent fabricated varactors, the measured 

tunability for each varactor was lower than the simulated results 

especially in the broad varactor due to strain-induced film. 

However, the 1 dB compression points extracted for all three 

measured varactors were still comparable with the simulated 

results. These BST varactors have the potential to be 

implemented in high power microwave systems, possibly by 

integrating them with standard semiconductor chips and form 

hybrid modules such as system-on-chip (SoC). 
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