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ABSTRACT

Energy derived from mechanical deformation is one of the cleaner energy options known as piezoelectric. Polyvinylidene
fluoride (PVDF) has been identified to hold the characteristics of piezoelectric and dielectric properties due to good energy
storage capacity and electrical breakdown strength. However, lower piezoelectricity limits its applicability, and therefore,
advancement is needed, potentially through doping or filler like barium titanate (BaTiOs or BTO). Several fabrication
approaches have been proposed, yet spin coating is desirable vis. for its reliability, ease of replicable, cost-effectiveness,
and uniform coating. In this study, thin films were fabricated using spin coating with 5 wt.% and 12 wt.% BTO/PVDF
compositions at 1000 rpm and 4000 rpm. The morphological characteristics of the materials were studied using Fourier
transform infrared (FTIR) and scanning electron microscope (SEM) analysis techniques. The results showed that the 5wt.%
BTO/PVDF film at 4000 rpm and annealed at 120 °C for 6 hours exhibited a maximum relative beta (p) fraction of around
94%. SEM images revealed the uniform distribution of BTO particles with less agglomeration in the PVDF matrix,
indicating that adding BTO promotes nucleation sites for forming a more ordered crystalline structure. Despite that, further
validation of crystallinity percentage is required to assess the enhancement made by the BTO fillers in a polymer matrix
entirely. Overall, the experiment demonstrated that spin coating can effectively enhance the B-phase of PVDF (B-phase is
desirable due to relatively high dielectric constant and piezoelectricity) with the addition of ceramic fillers such as BTO.

Keywords: relative beta fraction, morphological characteristics, crystal orientation, crystallinity, polyvinylidene fluoride,
nucleation, piezoelectric

1. INTRODUCTION

The supremacy and the need for energy have substantially increased over the last few centuries, creating huge impacts
such as energy crises and global warming, necessitating the exploration of sustainable and cleaner energy production.
Among these options, energy derived from mechanical deformation is one of the cleaner energy options known as
piezoelectric. In general, a piezoelectric material is a self-powered innovative component that converts mechanical energy
or force into an electric charge or vice versa. This dual characteristic of piezoelectric material has widespread application
in various industries as sensors or actuators. Extensive research has been conducted on the implementation of piezoelectric
materials in harvesting power and thermal energy [1], [2], structural health monitoring [3], biomedical devices such as
bone regeneration [4], pacemaker [5], glucose level monitoring [6] and tuberculosis detection [7].

Polyvinylidene (PVDF) has been identified as one of the electroactive semicrystalline materials that holds the
characteristics of piezoelectric properties. It is a self-powered, anisotropic, and ferroelectric smart material with compelling
properties such as lightweight, smoothness, malleability, non-toxic, mechanical, and thermal stability, making it an ideal
candidate for multidisciplinary field applications. However, lower piezoelectricity limits its applications, and enhancement
is needed with doping or filler like barium titanate (BTO) [8]. The incorporation of fillers improves the sensitivity and
performance to optimise piezoelectric characteristics and functionality. Yet, the enhancement of piezoelectric properties
depends on the selection of the fabrication method.

In addition, several fabrication methods have been demonstrated by many researchers in the past, such as hot embossing,
electrospinning, and spin coating. These techniques were apparent to several constraints, such as agglomeration due to
heterogeneous dispersion of inorganic materials, affecting the performance of piezoelectric sensors [9]. Nevertheless, spin
coating is desirable vis. its reliability and easily replicable fabrication method favouring integration ease of existing
fabrication workflows with process repeatability, cost-effectiveness, and uniform coating. The spin coating can be
conducted under different atmospheric temperatures and pressures with lesser equipment complexity. Lastly, the spin
coating provides uniform film thickness, making it a preferred choice for piezoelectric fabrication.
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In the spin coating technique, the prepared solution is spread thinly onto a substrate with the centrifugal force created by
the spin coater instrument when it starts to operate. There are various parameters that need to be considered to form an
effective thin coating on the substrate, such as different rotational speed [10], baking and annealing temperature [11], the
ageing process, etc., significantly improves the power output and piezoelectricity of the material.

Increasing the spinning speed of the spin coating affects thickness and uniformity, phase content, evaporation rate,
morphological characteristics, and film quality. [12] found that films spun at speeds up to 3000 rpm showed an increase
in B-phase content, attributed to the stretching effect caused by centrifugal force during spin coating. Nevertheless, films
spun at 4000 rpm exhibited a decrement in B-phase content due to the potential permanent destruction of molecular chains.

[13] and his team have compared their experimental analyses with grey theory predictions. They used PVVDF as the material
with three different weight percentages of 10 %, 15 %, and 20 % in DMF solvent. Additionally, they employed different
spin coating speeds of 1000 to 3000 rpm along with varying duration of spin and annealing temperatures of 10 —30 s and
30 - 50 °C, respectively. The microstructure characterisation, conducted through FTIR, XRD, and Atomic Force
Microscopy (AFM), revealed that the grey theory prediction elevated the intensity of the B-phase by enabling stretching
possibilities of PVDF at higher spin speeds, which resulted in thinner films measuring 2.25 um and roughness of 3 nm,
respectively [13]. In addition, the optimised parameters of 3000 rpm with 10 wt. % of PVDF and 50 °C annealing
temperature produce the highest -phase percentage, resulting in a thinner film with less surface roughness [13].

A recent research article by [14] used spin coating fabrication techniques to characterise P(VDF-HFP)-BTO
nanocomposite films, exploring their dielectric properties, temperature dependence, and crystallinity. The study reveals
that the flexibility of P(VDF-HFP) increases, whereas crystallinity and elastic modulus decrease with the addition of 15%
HFP copolymer. Also, it has been reported that a 15% addition of HFP almost 4 times increment addition of BTO
nanoparticles to P(VDF-HFP) polymer matrix increases the dielectric constant and decreases the crystallinity of the
composite material [1].

[15] studied the impact of PVDF concentration, spinning speed, spinning duration, and annealing temperature on the
computation of relative p-phase percentage, roughness, and thickness of thin films using the Ly orthogonal Taguchi
method. According to the experiment, an optimum concentration of 10 wt. % PVDF, a rotational speed of 3000 rpm, a
spinning duration of 30 seconds, and annealing at 70°C resulted in an 86 % relative fraction of 3-phase [15]. Furthermore,
the microstructure characterisation revealed that higher spinning speeds and higher annealing temperatures favoured
thinner films with smoother surfaces than lower spinning speeds and annealing temperatures.

In contrast, [16] claims that using the lowest spinning rate in film preparation intensified the peak intensity. This means a
phase intensity reduction can be witnessed at 1000 rpm. However, no significant change was observed for films prepared
at 2000 and 400 rpm. The increase in the intensities of the peaks at a low spinning rate of 500 rpm shows an increase in
the B-phase (82.6%) in PVDF films. At low spinning rates, more beta-phase forms in PVDF chains due to trans-
conformation (reorientation) and low solvent evaporation [16]. Conversely, high spinning rates hinder molecular chain
rearrangement.

Although, there are a vast number of approaches with different parameters that have been stipulated by many scholars
enhancing piezoelectric properties through the spin coating fabrication method. Yet, more clarity must be clarified with
studies that contemplated an opposite result stipulating the same parameter. Additionally, only a few researchers have
articulated using fillers such as BTO through the spin coating process. Therefore, this research article sheds new light on
the explanation for identifying the presence of f3- phase through thorough morphological characteristics studies with the
addition of fillers (BTO) within the PVDF matrix.

2. METHODOLOGY

The methodology has been subdivided into a few categories, as shown in Figure 1. The first section describes the material
selection, where three fundamental materials were used in the experiment: PVDF, BTO, and DMF, which were procured
from Sigma Aldrich without any further purification. The molecular weight of My= 534 000, 233.19, and 58.08 of PVDF,
BTO, and DMF is based on the technical datasheets supplied by the chemical manufacturer, respectively. Next, the solution
preparation method is followed by spin coating and post-thermal treatment. Further, all the samples were analysed through
Fourier Transform Infrared (FTIR) and scanning electron microscope (SEM) to determine the percentage of B- phase and
morphological characteristics, respectively.
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Figure 1. The block diagram of the experimental process flows

2.1 Solution preparation

The initial process of the experiment was to prepare a polymer solution of a 1:9 ratio or, in other words, a weighing
measurement of 10 wt. % PVDF/DMF concentration. A digital weighing scale of Mettler Toledo™ Standard ME
Analytical Lab Balance from Fisher Scientific was chosen for precise measurement. Beakers used for the experiment were
cleaned with deionised water and an acetone solution to prevent dust and fine contaminants before weighing PVDF. The
beaker containing the PVDF/DMF solution was then placed in a water bath to avoid direct heating from the magnetic
stirrer. The prepared solution placed in a water bath was heated at room temperature until the sample reached 80 °C to
ensure thermodynamic equilibrium. This is to ensure the low viscosity of the solution and create enough thermal energy
associated with the CF, group rotation through a large-scale conformational change of a to B is formed [20]. Also, very
small crystallites exist at low temperatures due to partial dissolution or refolding of the polymer chains, which serve as
nuclei when the solution is recrystallised [21]. Next, the solution was agitated using a magnetic stirrer at the desired
rotational speed to prevent agglomeration of PVDF particles in the DMF solvent for approximately 45 min or until all the
PVDF particles were evenly distributed without any lumps. The miscible polymer solution is ready for spin-coating and
subsequent thermal treatment. Next, a composite solution is prepared with the addition of BTO (5wt. % and 12 wt %) into
the polymer solution and stirred for another 45 minutes. This is followed by ultrasonication at room temperature for 20
minutes to make sure that the BTO is well incorporated with the PVDF solution. It has been clearly stated that there are
two magnetic stirring processes before and after the addition of BTO, as shown in Table 1.

Table 1. Solution preparation with specific weight ratios of PVDF, BTO, and DMF

Sample | Solution preparation, (g) Magnetic Ultrasonication, (m)
PVDF | DMF BTO Before After
D,(m) | T,°C | D,(m) | T,°C | T,°C D, (m)
(1) 10 90 0 45 80 45 80 RT 20
2 10 90 0.5263 45 80 45 80 RT 20
?3) 10 90 1.3636 45 80 45 80 RT 20

Note: duration (D), time (T)

2.2 Spin coating and post-fabrication heat treatment

In this study, thin films were fabricated using spin-coating technique. The model used for this analysis is the spin coater
series (SCS 6800) by Kisco Specialty Coating Systems, USA. The process of spin coating starts with nitrogen gas (N2)
purging, approximately at a pressure of around two bar. Whilst the N, purging, the spin coater machine was set according
to experimental designs or setups. The prepared polymer solution of 10 wt. % PVDF/DMF and composite solutions of 5
wt. % BTO/PVDF and 12 wt. % BTO/PVDF were spin-coated at spin speeds of 1000 rpm and 4000 rpm. All the samples
were prepared by choosing a constant ramp and dwell duration parameters of 10 seconds and 30 seconds.

The coated samples were processed further with post-fabrication heat treatment (annealing). In the current research analysis
and with the prior knowledge from the literature reviews, we have chosen a post-heat treatment (annealing) at 80 °C, 100
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°C and 120 °C for 6 hours using a BINDER vacuum oven followed by cooling at room temperature for efficient
optimisation of crystal structure transformation from o to  conformation [17]-[19]. Additionally, annealing activates the
doping elements or the introduction of other impurities in the polymer to tailor for specific properties or functionality of
the piezoelectric material for later use [20], [21].

2.3 Microstructure characterisation

The morphological characteristics were studied using Fourier transform infrared (FTIR) and scanning electron microscope
(SEM) analysis techniques. The Fourier transform infrared measurement provides information on the material’s
wavenumbers or conformation of crystalline phases such a, B, and y. The study was performed via a Thermo Scientific
Nicolet iS50 FTIR spectrometer in the range of 400-1500 cm™ with a 2cm™* resolution, which generates transmittance
vibrations with different wavenumbers. The degree of « and S conformation, assuming the IR absorption, follows Beer's
law. The a-phase had a characteristic infrared absorption at 763 cm™!, and the peak 840 cm™' absorption band is uniquely
characteristic of the s-phase.

Following the a, ¥, and B-phase conformations through the FTIR method, the relative fraction of B-phase F(B) of each
sample prepared using spin coating techniques was computed using the Beer—Lambert law estimation as follows [22]:

Fyp=—2% 1)

1.344+4p
Further, the samples were analysed through differential scanning calorimetry (DSC) to compute the crystallinity
percentage. The selected samples were heated from -50 °C to 200 °C, completing the first cycle of heating, followed by
subsequent cooling at -50 °C, and lastly, reheating at 200 °C. The samples were heated twice to eliminate thermal history.
The obtained DSC results were used to determine the percentage of crystallinity using the following equation:

AHp,

Xe, % =
Where, x, is the crystalline percentage, AHn and AHS, is the enthalpy of fusion of the sample and enthalpy of fusion of
100% PVDF (103.4 Jg1), respectively. Whereas, ¢ represents the percentage of filler in the prepared piezo-composite
solution.

3. RESULTS AND DISCUSSION

Based on the experiment, the FTIR results revealed the presence of a, B, y, and y+f crystalline structures in the spin-coated
samples. A similar trend of twelve vibrational peaks was observed during FTIR on spin-coated samples of 10 wt. %
PVDF/DMF (1), 5 wt. % BTO/PVDF (2) and 12 wt. % BTO/PVDF (3) at 1000 and 4000 rpm. Peaks of 509 cm* (CF,
stretching) and 840 cm™ (CH; rocking, CF; stretching, and skeletal C-C stretching) belong to (y+B or y) crystalline phases.
Whereas peaks 736 cm™ and 1235 cm™* are regarded as exclusive o and y crystalline phases. Additionally, peaks such as
1400 cmt, 1175 cm?, 1070 cm™ and 875 cm* correspond to all typical phases of (a, B, or v) depending on the experimental
conditions [23]. Other peaks, such as 431 cm™ and 482 cm?, indicate the presence of exclusive y and a. Also, a peak of
1275 cm was present, which correlates with an exclusive B phase. A unique peak of 600 cm™ can be witnessed in all the
samples (1) but almost completely vanished in samples (2) and (3) at both spinning speeds of 1000 rpm and 4000 rpm,
annealed at 80 to 120 °C (Figure 2b). This particular peak belongs to B-phase (CF, wagging) [24]. However, this peak
could not be taken into consideration as the presence of B phase as this peak appears as o phase due to an intensive peak
of 613 cm™ [25]. On the other hand, a peak of 482 cm™ (a), present in all the samples (1), was shifted to 476 cm* with the
addition of BTO. Peak 476 cm™is an exclusive B-phase. Other significant shifts of peaks were also noticeable with the
addition of BTO, such as 431 cm™ (y) to 435 cm™ (B). There are some shifts in specific peaks, such as (509 cm?, 1175
cm?, 1235 cm?, 1275 cm, and 1400 cm™) to (511 cm™, 1168 cm?, 1232 cm™?, 1273 cm™, and 1403 cm'*) with the addition
of BTO particles in PVDF solution.

However, the relative beta fraction is computed through two main peaks of 763 cm-* and 840 cm™, corresponding to o and
B phases. Yet, in order to accurately identify the transition from o to § conformation, it is essential to observe the presence
of a 1275 cm™ peak, indicating an exclusive B-phase [23]. In regards to phase identification, [23] has substantially divided
the peaks into three main groups: 1) exclusive peaks, 2) common peaks, and 3) dual peaks. Exclusive peaks of (445 cm™,
476 cmt, and 1275 cm™) belong to B, (482 cm?, 431 cm™,811 cm™, and 1234 cm™!) belong to y and (410 cm, 489 cm™,
532 cm?, 614 cm?, 763 cm™, 795 cm, 854 cm?, 975 cm?, 1149 cm™,1209 cm™, 1383 cm™, and 1423) belong to o.
Whereas 876-885 cm™, 1067-1075 cm?, 1171-1182 cm™, and 1398-1404 cm™ indicate the presence of all three phases of
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(o, B, Or ). There were also dual-phase peaks, such as 840 cm™ and 510 cm%, noted as (B and/ or y) phases [23]. In addition
to the past literature review, the current FTIR observation depicts that the presence of an exclusive B phase increases as
the annealing temperature increases from 80 °C to 120 °C for both composite and polymer samples. Further, a missing
peak of 1275 cm indicates the absence of an exclusive B phase on the sample (1) at 1000 rpm compared to 4000 rpm. The
exclusive B phase is present later in the sample (1) with an increase in annealing temperature from 80 °C to 120°C.
However, with the addition of BTO, even at the lowest spinning speed of 1000 rpm, there is a noticeable 1275cm™ (weak)
peak, which becomes stronger with a higher spinning speed of 4000 rpm. Therefore, for sample (1), the exclusive 3 phase
only becomes apparent later with an increase in spinning speed and annealing temperature from 1000 rpm to 4000 rpm
and 80 °C to 120 °C, respectively (Figure 2a). Sample (1) at a lower spinning speed (1000rpm) with a lower annealing
temperature (80 °C) was considered as the combination of (B+y) representing a peak 840cm™. On the contrary, for samples
(2) and (3), the 1275 cm™* peak was prominent for both high and low annealing temperatures and spinning speeds. On top
of that, there is clear evidence of a peak shift of 482 cm™ («) to 473 cm™ () and 431 cm™ (y) to 435 cm™ (B), which ascribe
the transition of a and y phases to  phase with the addition of BTO.

The relative beta fraction of all the spin-coated samples was increased as the spinning speed increased, as shown in Figure
2c. The lowest relative beta fraction of approximately 75 % was found with sample (3) annealed at 100 °C. However, this
decrement in the computed 3 percentage is just momentarily as further increase in temperature increases the relative beta
fraction. This phenomenon is due to the incomplete evaporation of DMF solvent, which hinders the crystallisation of PVDF
[26]. Further, an increase in BTO causes agglomeration of BTO particles within the PVDF matrix, which reduces the a to
B transition [27]. A higher relative beta fraction (94%) was obtained from a 4000 rpm spin-coated sample (2) annealed at
120 °C for 6 hours.

On the other hand, the DSC analysis revealed a slight variation in the melting temperature of sample (2) under different
annealing temperatures of 80 °C to 120 °C. A sample annealed at 80 °C showed a melting peak at 157.47 °C which
increased to 157.62 °C for a sample annealed at 100 °C and dropped to 156.98 °C for a sample annealed at 120 °C as
shown in Figure 3a. This is mainly due to the increase in crystalline sizes (growth in lamellar and nucleation promotions)
as the annealing temperature increases. However, a further increase in annealing temperature to 120 °C causes melting in
the crystallisation zone, which eventually decreases the crystallinity of the sample [28], which was proven by the drop in
the percentage of crystallinity from 25.51 % to 23.66 % for samples annealed at 80 °C and 120 °C, respectively.
Additionally, further exothermic cooling processes of DSC deduce that the crystallisation peaks appear at 132.46 °C,
132.13 °C, and 131.83 °C for samples annealed at 80 °C to 120 °C (Figure 3b).

Lastly, the SEM analysis revealed a direct correlation between spinning speed and porosity, with an increase in spinning
speed leading to higher porosity in the samples. Additionally, the SEM images displayed a uniform distribution of BTO
particles across the sample, although some areas exhibited agglomeration of these particles. Notably, the identification of
these agglomerated spots as the addition of BTO particles increases from 5 % in the sample (2) to 12 % in the sample (3)
(Figures 4c and 4d). The SEM images of PVDF composite films spun at varying speeds illustrated microscopic pores and
oriented fibrils between spherulites. This was particularly evident at higher spin speeds due to lower viscosities, allowing
for more significant centrifugal forces on the molecular chains. The morphologies depicted rough surfaces and micro-pore
structures, indicating interactions between the solvent and polymer matrix, which was also evident in other research articles
[29]. Porosity increased with escalating spinning rates from 1000 rpm to 4000 rpm (Figures 4a and 4b), leading to
difficulties in further processing, such as poling and electrode plating.

In this study, the FTIR analysis of the sample with higher annealing temperatures shows higher fractions of relative beta
percentage due to the use of a vacuum oven for the annealing process. Whereby annealing using a vacuum oven induces
rapid crystallisation and forms a skin on the top layer of the sample, which traps the solvent and prevents solvent
evaporation. In relation, this process causes the formation of  content with a drawback of possible electroactive
degradation of the sample. Nonetheless, the process of finding the percentage of the sample’s crystallinity through DSC
was computed using the enthalpy of fusion in regard to the exothermic process. This percentage of crystallinity represents
the small sample used during the DSC analyses, which were roughly about 5 to 10mg. Additionally, FTIR analysis depicts
crystalline peaks, and the computation of crystal percentage is only a fraction basis of B to o phases. This percentage is a
small area representation of the sample during the FTIR analysis and not the whole fabricated piezoelectric film. Therefore,
the overall methodology can be improved further in future work through the X-ray diffraction method (XRD) in computing
the final crystallinity percentage of the sample, and the distribution of filler particles can be controlled by controlling the
grain size.
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4. CONCLUSION

There is still room for improvement in terms of different parameter selections, doping concentration, solvent selection, and
concentration, as well as post-fabrication poling treatment. Thus, using spin coating is an ideal strategy, and the results
showed that the 5 wt.% BTO/PVDF film at 4000 rpm and annealed at 100 °C for 6 hours exhibited a maximum relative
beta fraction of 94%. SEM images revealed the uniform distribution of BTO particles with less agglomeration in the PVDF
matrix, which indicates that the addition of BTO promotes nucleation sites for the formation of a more ordered crystalline
structure. However, validation of crystallinity percentage is required to fully assess the enhancement made by the BTO
fillers in the polymer matrix. Therefore, the experiment demonstrated that spin coating speed and annealing temperature
variations can enhance the beta phase with the addition of ceramic fillers such as BTO.
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