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Abstract

PVDF-TrFE (70:30 mol%) powders were dissolved individually in three polar solvents of Diethyl Carbonate (DEC), Methyl Ethyl Ke-
tone (MEK) and N-, N-, Dimethylformamide (DMF). The solution was spin coated and formed PVDF-TrFE films of 250 nm thickness;
UN DEC, UN MEK and UN DMF films. PVDF-TrFE powders were found to readily dissolve in DMF solvent as indicated by Hansen
solubility parameters (3;). Hansen parameter showed small difference in reading (6; = 1.7) for PVDF-TrFE and DMF, and low relative
energy difference (RED) value. All films were annealed at 120°C (AN DEC, AN MEK, AN DMF). The AN DMF film showed high
presence of polar 3-phase crystals as evident from the ATR-FTIR spectrum. This is given by the significant peaks at 848, 1190, and 1290
cm™. The trend is consistent with XRD pattern, where relative increment of cps value (53%) at 19.2° (26) is observed. This further sup-

ports the high degree of B-phase crystals observed in AN DMF film.
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1. Introduction

Polyvinylidene fluoride (PVDF) and its copolymers are widely
used as polymeric materials for memory and storage devices due
to their excellent dielectric properties [1-3]. PVDF is a semi-
crystalline polymer with complex structure consisting of 4 crystal-
line phases; a-, p-, 8-, and y-crystals. Amongst these crystals, the
a- and B-crystal dominate the crystal phases in PVDF. The f-
crystal is a polar-phase crystal with large spontaneous polarization
caused by the trans- (TTTT) conformation. Meanwhile, the a-
phase crystal has a trans-gauche conformation (TGTG) which
neutralizes the dipolar polarization (zero net polarization) and thus
not favourable for dielectric application.

In comparison, copolymers of PVDF, such as PVDF-TrFE exhib-
its Curie temperature (Tc) in the range of 55 to 128 °C, depending
on the percentage compositions of TrFE [4, 5]. This is the basis
for the non-linear dielectric response of PVDF-TrFE, also known
as ferroelectric property. Recent studies reported PVDF-TrFE with
30 mol% TrFE will crystallize simply to B-crystals due to the
thermodynamic stability [4, 6, 7]. Numerous studies are still being
carried out to further extent the degree of B-phase crystals in
PVDF-TrFE due to the need for high performance dielectric films
used in memory devices and digital applications.

The typical method for enhancing the polar phases of PVDF-TrFE
are typically by varying of annealing temperatures on PVDF-
TrFE, incorporation of nanoparticles in PVDF-TrFE or the use of
polar solvents [2, 8, 9]. When complete dissolution takes place,
solvent molecules overcome the intermolecular adhesion between
molecules. Complete dissolution is possible when the charge or
polarity of solute and solvent are comparable. This caused de-
tachment of the molecules; and miscibility will follow. Hildebrand
and Hansen solubility parameters can be used to determine the

polarity for solvent and the compatibility between solvents and
solutes. Hansen’s parameter (07) is defined as the summation of
dispersion force (0g), polar interactions force (0p) and hydrogen
bonding force (8,) [10-12]. The equation for Hansen’s parameters
is as follow:

-

dr = 83 +9; +o;

@

By using Hansen’s parameters, the solubility parameters for
Methyl Ethyl Ketone (MEK), N-,N-, Dimethylformamide (DMF)
and Diethyl Carbonate are determined. The favourable solvent for
complete dissolution of PVDF-TrFE (70:30 mol.%) can be ob-
tained. The effect of these solvents on their structural properties
will be investigated.

2. Experimental Procedure

All materials were used as purchased; PVDF-TrFE (70:30 mol%)
(powder from PiezoTech, France), N-, N-, Dimethylformamide
(DMF, 99.5%, from Systerm), Methyl Ethyl Ketone (MEK from
Sigma Aldrich) and Diethyl Carbonate (DEC from Systerm).
PVDF-TrFE powders are dispersed at concentration of 30g/L in
DMF, MEK and DEC solvents individually. The solution is stirred
for 24 hours prior to deposition on spin coated aluminium-glass
(al-glass) substrates rotated at 1500rpm. These films were then
annealed at 120°C for 1 hour in a vacuum oven. The annealing
temperature for PVDF-TrFE was optimized at 120°C as estab-
lished from previous study [13].

All films were scanned (ATR-FTIR Perkin Elmer with nickel
filter) from wavenumber 2000cm™ to 600 cm™ and functional
groups were identified. The X-ray Diffraction (XRD) pattern
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(X’Pert Powder, PANalytical) at scanning angle 5° to 80° (20)
was used to determine the crystallinity of the film. The data was
re-plotted with X pert Highscore Plus software; and peak observed
will indicate the presence of a particular type of crystal phase in
the film. Atomic Force Micrscopy (Park System) with scan area of
10 pm x 10 um were used to investigate the surface morphology
of the film.

Hansen’s solubility parameter and relative energy difference
(RED) values for both PVDF-TrFE and solvents were determined
and compared. Field Emission Scanning Electron Microscopy
(FESEM) was used to observe the morphology of the optimized
PVDF-TrFE thin films.

3. Result and Discussions

3.1. ATR-FTIR

Fig. 1 shows the ATR-FTIR spectra for un-annealed and annealed
PVDF-TrFE thins films dissolved in DEC. Three intense bands of
848, 1290 and 1400 cm™ were observed, which indicates the for-
mation of B-crystals in PVDF-TrFE [14]. The bands at 848 and
1290 cm* are assigned to -CF, stretching mode coupled with the
symmetric vibration of —C-C- and bending vibration from the
carbon backbone, whilst the band at 1400 cm™ are assigned to the
CH, of PVDF-TrFE with wagging vibration coupled with the
asymmetric stretching vibration of the carbon chain (-C-C-). Simi-
lar trends were observed for UN MEK and AN MEK (Fig. 2).
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Fig. 1: ATR-FTIR spectra for the Un-annealed and annealed PVDF-TrFE
thin film dissolved in DEC solvent.

At band 1172 cm™, a peak was observed for UN DEC, AN DEC
(Fig. 1) and AN MEK (Fig. 2), assigned as y-phase crystals of
PVDF-TrFE. The dipole moment of y-phase with TTTG’ confor-
mation has dipole moment slightly less than p-phase. Nonetheless,
it does significantly contribute to the electrical properties of
PVDF-TrFE film. Interestingly, peak at band 1290 cm™ was
shown to be less significant for UN and AN MEK (Fig. 2).
Nevertheless, upon dissolving PVDF-TrFE in DMF, a shift from
v-phase peak to B-phase peak was observed at similar wave-
number. The presence of B-phase at peak 1190 cm™ was signifi-
cant for UN DMF and AN DMF thin films. A sharp peak at 848
cm™* was also observed for AN DMF, indicating significant pres-
ence of B-phase crystal in PVDF-TrFE.
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Fig. 2: ATR-FTIR spectra for the Un-annealed and annealed PVDF-TrFE
thin film dissolved in MEK solvent
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Fig. 3: ATR-FTIR spectra for the Un-annealed and annealed PVDF-TrFE
thin film dissolved in DMF solvent.

3.2. XRD

The XRD patterns of un-annealed and annealed PVDF-TrFE thin
films showed crystalline peak at angle 20 = 19.2° (Fig. 4). This is
equivalent to (200) and (110) planes. These peaks are assigned as
B-crystal for PVDF-TrFE film [13, 15, 16]. Fig. 5 shows an over-
lay XRD spectra for cps values of unannealed and annealed
PVDF-TrFE. The UN DEC, UN MEK and UN DMF values are
within the range of 166 to 397. However, significant increment in
cps values was observed for all annealed PVDF-TrFE films. It
also shows a 30% increment in cps value for AN DEC relative to
UN DEC. The annealed PVDF-TrFE thin film formed from disso-
lution in MEK, showed a further increased in cps value (43%).
Amongst all films tested, annealed PVDF-TrFE thin film formed
from dissolution in DMF showed highest cps value (53%).
Interestingly, a small hump was observed in UN MEK at ap-
proximately 19°. This indicates the presence of PVDF-TrFE y-
phase crystals as supported by ATR-FTIR spectra (discussed ear-
lier). Since y-phase are also polar in origin, the cps value is greatly
enhanced. Previous study reported by M.H Wahid et al., suggested
that PVDF-TrFE in pellet that readily dissolved in MEK produced
thin film with large cps value upon annealing at 120°C [13].
However, in this study, PVDF-TrFE powder dissolved in DMF
produced thin film with the highest cps value.
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Fig. 4: XRD pattern for un-annealed and annealed PVVDF-TrFE dissolve in
DEC, MEK and DMF solvents
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Fig. 5: Overlay of XRD pattern for un-annealed and annealed PVDF-TrFE
thin films in DMF, MEK and DEC solvent with cps value.

3.3. Solubility Parameters

To determine the solubility parameters, the interaction radius (Ro)
value is measured [17]. The value is determined from the radius of
the sphere in Hansen space, which refers to three Hansen parame-
ters as shown in Equation 1. The distance between Hansen pa-
rameters in Hansen space, (Ra), is calculated using the following
formula:

(Ra)®=4(5d.s — 8d.p)? + (8p.s — 8p.p)* + (Sh.s — Sh.p)?

Where,

845 = Energy from dispersion forces of solvents,
34 = Energy from dispersion forces of polymer

3ps = Energy from intermolecular forces of solvents
dpp = Energy from intermolecular forces of polymer
dps = Energy from hydrogen bonds of solvents

3pp = Energy from hydrogen bonds of polymer

solute in solvent [17]. The RED values of PVDF-TrFE dissolved
in DEC, MEK and DMF were obtained (Table 1).

Table 1: Hansen Solubility Parameters, Difference of Hansen solubility
parameters with PVDF-TRFE and RED value for PVDF-TrFE, DEC,
MEK and DMF solvents.

Hansen Solubility .
Sample Parameters v:,)izﬁf;r\e/rgs.?riﬁé RED Value
(3)(MPA)

PVDF-
TIEE 23.1 - -
DEC 10.4 12.7 1.6
MEK 19.0 4.1 1.2
DMF 24.8 1.7 0.5

Hansen Solubility Parameter (6t) value for PVDF-TrFE is 23.1.
DMF has 6t value of 24.8 MPa, suggesting a promising solvent for
dissolving PVDF-TrFE. This is due to low difference in &t value
(between PVDF-TrFE and DMF). It is also evident from the visual
clarity of the spin coated PVDF-TrFE film formed when utilizing
DMF. This was further supported by ATR-FTIR spectra and XRD
pattern. From the RED values, the DMF has lowest RED value in
comparison to MEK and DEC. Belmares et al., and Fedors re-
ported that RED value lower than 1.0 indicates a complete disso-
lution system [17, 18]. Hence, DMF is the suitable solvent re-
quired for dissolving PVDF-TrFE powder.

3.4. Atomic Force Microscopy (AFM)

Atomic Force Microscope was used to observe the surface mor-
phology of PVDF-TrFE films dissolved in DEC, DMF and MEK,
individually. Fig. 6 shows AFM images of 10 um x 10 pm (a) UN
DEC, (b) AN DEC, (c) UN MEK, (d) AN MEK, () UN DMF,
and (f) AN DMF films. The root-mean-square (RMS) for all films
are tabulated in Table 1. All films showed a drop in the RMS val-
ues after annealing, indicating, reduction in the roughness of the
annealed films. UN DEC and AN DEC (Fig. 6(a-b)) observed
insignificant crystal structures and agglomerates. This can be re-
lated to the large difference in RED value between PVDF-TrFE
powders and DEC solvent as discussed in section 3.3. The differ-
ence in the RMS values for UN DEC and AN DEC were also
large, mainly due to the small difference in the boiling tempera-
ture of DEC (~126°C) as compared to the annealed temperature
(120°C). This may result in quick evaporation of the solvent,
which impedes the formation of crystallite.

On the contrary, UN MEK, and AN MEK, showed relatively sig-
nificant crystallite structures as observed in Fig. 6 (c—d). For UN
MEK, a significant grain boundary can be observed, similar to the
crystallites formed in PVDF-TrFE as reported by Wahid et al.
[13]. However, upon annealing, the crystallites dispersed and
formed smooth surfaces. This was supported by reduction of the
RMS values (3.60) with comparison to the UN MEK (16.0).
Amongst all films observed, UN DMF and AN DMF showed a
highly dense uniform crystallite structures. The presence of small-
er grain boundaries can also be observed for both films.

Table 2: RMS value for UN DEC, AN DEC, UN MEK, AN MEK, UN
DMF, and AN DMF

Films RMS, (nm)
UN DEC 54.7
AN DEC 4.40
UN MEK 16.0
AN MEK 3.60
UN DMF 73.90
AN DMF 49.60
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Fig. 6: AFM images of (a) UN DEC, (b) AN DEC, (c) UN MEK, (d) AN
MEK, (e) UN DMF, and (f) AN DMF films.

4. Conclusion

Spin coated PVDF-TrFE thin films of 250nm were prepared by
solution casting using polar solvents of DEC, MEK and DMF.
Annealed PVDF-TrFE thin films dissolved in DMF was found to
produce improved B-phase crystals, as evident by FTIR spectrum;
with significant absorption peaks at wavenumber of 848, 1190,
and 1290 cm-1. This finding is consistent with the high cps value
obtained from the XRD pattern for AN DMF; an increment of
53% compared to UN DMF film. The RED value (<1) suggests
that DMF is an appropriate polar solvent for dissolving PVDF-
TrFE powders. Moreover, the crystallites formed are dense and
uniform for both films, before and after annealing.
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