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tuning knobs e.g., different volume ratio of hBN and multi-walled carbon nanotube (CNT). This 
fabrication process is therefore quite simple rather than previously fabricated ones [24], [32]. 
Fig. 5.1 schematically shows an exemplary FOC that has fractional order impedance. The 
proposed FOC integrates layers of two conductive films, and between them polymer composite 
with significantly improved CPA, CPZ, and phase angle variation performance. The device is 
mounted PCB with having one common and nine pins while each showing a FOC characteristic. 

It can be categorized between solid-state and passive FOCs. The presented FOCs show better 
performance in terms of fabrication cost and dynamic range of constant phase angle compared to 
FOCs from already existing devices. It is important make clear here that this schematic is 
previously proposed by our collaborators [24], [29] however the study based on hBN-ferroelectric 
polymer was not investigated. 

5.1 Method 
An FOC requires an insulator with high dielectric constant, dissipation factor, and dielectric loss. 
One potential candidate with such electrical properties is P(VDF-TrFE-CFE) terpolymer. Thus, it 
is a good reason to explore the possibility of using terpolymer in FOC fabrication. They are easily 
available in the market and good candidates after a closer look at the behavior of the phase angle.  
 

 
Fig. 5.1: Illustration showing FOC fabrication from bilayer polymer. Photograph showing the final 
device [29] 

This behavior can be tracked by studying the relaxation phenomenon due to polarization, e.g. 
dipolar (orientation), ionic and interfacial polarization, in polymer dielectrics. Using the 
phenomenon above and the formulas of permittivity from [38], the hBN is selected as a good 
candidate to fabricate hBN-ferroelectric polymer based FOC. The fabrication procedure is given as 
the following:  

• 200 mg P(VDF-TrFE-CFE) is dissolved in a 2 ml solvent, N, N-Dimethylformamide (DMF), 
under constant stirring at room temperature for two days to obtain 0.1 g/ml polymer solution.  

• The hBN powders are dispersed in DMF at a concentration of {50, 100, 150, 200, 
250} mg/ml and stirred one hour using ultrasonication.  

• {5, 10, 15} mg of CNTs are suspended in 1 ml DMF, and dispersed via ultrasonication for 
1 hour.  

• The dispersed CNT solutions are poured onto the dissolved hBN:P(VDF-TrFE-CFE) 
polymer solution and mixed under continuous stirring for another 24 hours. This step is valid 
only for hBN:P(VDF-TrFE-CFE):CNT composites. 
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