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� Ultrasonic spray coating system is
used for fabrication of pure PVDF
films with high piezoelectric
coefficient (d33 = 48 pm/V).

� Highly crystalline (56%) PVDF films
with predominant b phase for flexible
and transparent engineering devices
are achieved without post processing.

� Uniformity and roughness (<50 nm)
of the PVDF films strongly affects
their piezoelectric properties.

� We proved that the ultrasonic spray
coating method is capable of
producing large-scale, low-cost PVDF
films in a single step.
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Piezoelectric Poly (vinylidene fluoride) (PVDF) films with high flexibility are a suitable and promising
replacement for rigid ceramic piezoelectric materials. However, for this purpose, enhancing piezoelectric
properties and adopting an industrial fabrication method are of great importance. In this study, 5–9 mm
thick PVDF films were fabricated by a nozzle-less ultrasonic spray coating (USC) system, followed by an
annealing process at 100 �C. By applying proper spraying parameters, we could obtain highly uniform
films with large d33 values (48 pm/V) and 56% crystallinity. Results show that the uniformity of the films
plays an important role in the final piezoelectric properties. Thus, ultrasonic spray coating method can be
used for fabrication of large-scale piezoelectric films with no need for poling or stretching processes.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Since 1969, when PVDF was discovered as an organic piezoelec-
tric material [1], a wide variety of research has been done on piezo-
electric PVDF films. The outstanding mechanical properties of
PVDF as a lead-free material, in comparison to inorganic piezoelec-
tric single crystals and ceramics, have drawn the attention of many
researchers [1–4]. Their focus has been mostly on polymer chain
structure [5], fabrication methods [6,7], piezoelectric properties
[2], mechanical strength [8], and sensor/actuator/energy harvest-
ing applications [1,3,4,9]. However, the application of piezoelectric
PVDF films is not limited to the mentioned fields and is spreading
rapidly to the new disciplines. For instance, ferroelectric PVDF-TrFE
films have been recently used in nano electric devices such as non-
volatile memories [10], photodetectors [11], field-effect transistors
[12], and PVDF composites are used for electric accessories and
embedded capacitors [13]. Therefore, seeking a reliable and simple
method for industrial fabrication of these piezoelectric films is of
great importance.
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PVDF is a semi-crystalline material with crystalline regions
embedded in an amorphous matrix [1]. This material can be crys-
tallized into five different phases including all-trans planar zigzag
b (TTTT, form I) phase, a phase (TGTG’, form II), c phase (T3GT3G’,
form III), d phase (TGTG’), and e phase (T3GT3G’) [14,15]. Among
these, a and e are non-polar due to the antiparallel packing of
the dipoles within the unit cell [15], while b and c phases are elec-
trically active (polar). Usually, the films formed directly from the
melt possess the a phase, and stretching, poling or quenching is
required to convert their nonpolar phase to polar phase [16–18,6].

The most common methods for fabricating PVDF films are cast-
ing [18,19], spin coating [6,20], and electrospinning [7,21]. How-
ever, electrospray deposition (ESD) [22] and spray coating [23]
methods can also be found in the literature. In spin coating and
casting methods, the deposited film usually needs post-
processing in the form of stretching, poling or quenching to
achieve a polar phase. Therefore, they are not capable of large-
scale fabrication. In addition, some of the post-processing such as
stretching cannot be done without peeling off the film or are lim-
ited by the substrate material, while in most applications it is bet-
ter to deposit the film on the final substrate to have better
adhesion and quality. Electrospinning method guarantees already
poled PVDF films. Nevertheless, the polarization direction is in-
plane and the roughness and porosity of the films are relatively
high since they are made of fibers [7].

In the electrospray deposition (ESD) method, the solution is
sprayed on the substrate. Applied electric current between tip
and grounded substrate leads to alignment of dipoles and provides
a single-step production of PVDF films [22]. In research by Rietveld
et al, thin PVDF films (400 nm) were made by the ESD method, and
high d33 values (43 pm/V) and permanent polarization (�80 mC/
m2) were obtained by poling at a single position with the AFM
tip [22]. Moreover, in [24], Hwangbo et al. reported PVDF films
with a high b phase percentage of 87% fabricated using the ESD
method. In Hwangbo’s research, higher b phase crystallinity has
been achieved by addition of �1.3 wt% Mg (NO3)2�6H2O hydrolat
salt in the solution. However, neither strain nor hysteresis loops
are provided in the paper.

Finally, the spray coating approach can also be used for the fab-
rication of PVDF films. In [23], in-situ sprayed, annealed and corona
poled PVDF-TrFE films were fabricated to be used as sensors/actu-
ators in structural health monitoring applications. After spraying
the PVDF solution, the film was annealed at 120 �C. Afterwards,
corona poling at 1.75 kV/lm for 5 cycles generates highly crystal-
lized piezoelectric films with d33 value of �19.4 pm/V at the fre-
quency range of 50 kHz to 1 MHz. These films are applicable as
guided wave-based structural health monitoring. In [25], 10 wt%
PVDF solution was sprayed on a conductive polymer (PEDOT:
PSS) coated PET substrate at 70 �C. As a result, smooth, uniform,
220 nm films with good adhesion were achieved with high b phase
content (70%) besides a and c phases. The performance of the film
as an energy harvester was studied by applying 34 N force and
reading an output peak-to-peak voltage of 280 mV, but no further
information of the piezoelectric properties is provided. Addition-
ally, Takise et al. [26] used various solvents to spray coat PVDF fol-
lowed by corona poling, which resulted in films with a maximum
d33 value of –12 pC/N. Afterwards, the solution was used for cover-
ing a 3D helical spring, and by compressing the spring an output
voltage of �12mVwas produced. 3D printing of piezoelectric poly-
mer materials can also provide a simpler and faster solution as an
additive fabrication method [27]. However, the piezoelectric coef-
ficient of the films made by this technique are in the range of 10–
18 pm/V [28–30].

Overall, both electrospray deposition and spray coating meth-
ods provide advantages such as low-cost equipment, good thick-
ness uniformity over large areas, and fast processing. However,
2

the addition of ultrasonic technology can add to these benefits.
The ultrasonic spray coating system is now being increasingly used
as a trustworthy method in various industries such as electronics
[31,32], advanced energy technology (solar [33] and fuel cells
[34], biomedical devices [35,36], glass production [37], textiles
[38], and the food industry [39]. The advantage of this system over
conventional spray systems is the enhanced uniformity of the final
film due to the atomization of the liquid and formation of smaller
droplets provided by the mechanical vibration [40]. The flexibility
of the system, also allows us to fabricate devices with complex
designs, shapes and to use different substrates materials. Thus,
expanding its application to new smart technologies.

In the present paper, we study the fabrication of freestanding
PVDF films with enhanced piezoelectric properties via a nozzle-
less ultrasonic spray coating system without poling. To the best
of our knowledge, the only research using ultrasonic spray coating
systems to fabricate a 140 mm thick PVDF film on ITO coated glass
was done in 2019 by Wang et al. [41], where properties were stud-
ied by piezoresponse force microscopy.

Nozzle-less ultrasonic spray coating system provides more uni-
formity of layers by producing wide air pressure to the tip. The
results of our research indicate that 5 mm thick PVDF films with
high d33 value of 48 pm/V can be fabricated. The possibility of mak-
ing such films on a large scale by this fabrication method paves the
way for utilizing piezoelectric polymers in fabrication of practical,
wearable and biocompatible sensors, energy harvesters, and flexi-
ble electronics.
2. Materials and methods

Poly (vinylidene fluoride) powder (average Mw �534,000 by
GPC), N, N-dimethylformamide (anhydrous, 99.8%) (DMF), and
absolute acetone were purchased from Sigma Aldrich and used
without any purification or modification. Two different PVDF solu-
tions were prepared to study the effect of the solvent on the prop-
erties of the fabricated films. For the first solution, PVDF powder
(2 g) was added to DMF solvent (40 ml) to make a 5 wt% solution.
The solution was mixed using a magnetic stirrer for 2 h at 60 �C
[42]. For the second solution, DMF/Acetone (70/30) was used as a
solvent and the solution was mixed at 50 �C to avoid evaporation
of acetone. Other steps were similar to the first solution.
2.1. Fabrication of PVDF films

A nozzle-less ultrasonic spray coating (USC) system (PRISM-
400-BT) was used to make 5 and 9 mm thick piezo-polymer films.
This equipment allowed us to control various parameters such as
air pressure, solution flowrate, tip distance, substrate temperature,
and so forth.

In the USC system, the solution was injected through a whip
line to the spray head, where ultrasonication helped to atomize
the liquid, while the air pressure directed the liquid droplets to a
hot bench at 50 �C (Fig. 1). Clean glass substrates of size
75 mm � 25 mm were put on the hot bench, and PVDF solution
was sprayed on the glass at different flowrates in a serpentine path
to cover the surface completely. Several layers were deposited to
obtain the intended thickness. Considering a specific flowrate,
the thickness of the sample has an almost linear relationship with
the number of layers. It is also clear that by increasing the flowrate,
the thickness of each layer will increase subsequently. The air pres-
sure for directing the droplets during the deposition was 30 psi.
After deposition, to evaporate the remnant solvent and to enhance
the crystallization of PVDF, the samples were annealed at 100 �C on
a hotplate for 30 min. Afterwards, PVDF films, as shown in Fig. 2,
were peeled off from the glass substrate, cut into smaller pieces,



Fig. 1. Nozzle-less ultrasonic spray coating system head.

Fig. 2. A PVDF film made by USC method.
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and wherever needed, top and bottom electrodes were added using
silver paste.

To study the effect of solvent, flowrate, and ultrasonication,
9 mm thick samples with different conditions were fabricated using
the parameters shown in Table 1. At least three different samples
were made in each condition to study reproducibility and repeata-
bility. For conditions C3 and C4, addition of acetone to the solvent
increased the solvent evaporation rate due to its low boiling point.
As expected, the thickness of each layer decreased by reducing the
flowrate. Therefore, the samples in condition C4 were fabricated
Table 1
Various conditions of solution and deposition of samples.

Condition Solvent Flowrate (ml/min)

C1 DMF 0.5
C2 DMF 0.5
C3 acetone/DMF 0.5
C4 acetone/DMF 0.25

3

with more layers to obtain the same thickness as the other
conditions.
2.2. Characterization

The thickness of the films was measured using a profilometer
(Veeco Dektak 150 Surface Profiler). Polarization hysteresis and
strain loops were measured at room temperature by applying an
electric field up to 2500 kV/cm at a frequency of 5 Hz by a state-
of-the-art aixACCT TF Analyzer 2000 ferroelectric-piezoelectric
tester system. For the piezoelectric characterization, individual
samples of 1x1 cm2 were cut from large films, and top and bottom
electrodes of �2 mm2 were added by using silver paste. In order to
study the crystalline phase of PVDF films, Grazing Incidence X-ray
diffraction (GIXRD) measurements were performed by Panalytical
Expert Pro MRD. In addition, differential scanning calorimetry
(DSC) studies were performed using a TA Instruments DSC SDT
2960, to investigate the crystalline phase and percentage of crys-
tallinity in polymer films. For this purpose, samples with an
approximate weight of 5 mg were heated at 10 �C/min from
35 �C to 300 �C under 100 ml/min argon flow. The samples were
kept at 300 �C for 10 min and subsequently cooled down to room
temperature at rate of 5 �C/min. Furthermore, a FEI NovaNano SEM
650 scanning electron microscope (SEM) at an accelerating voltage
of 10 kV, and a Bruker’s dimension icon atomic force microscopy
(AFM) system were used to study the morphology of the films.
Due to the high electrical resistance of polymer films, all the sam-
ples were coated with 4 nm gold before getting SEM images.
3. Results and discussion

3.1. Piezoelectric properties of films

Fig. 3 presents polarization versus electric field hysteresis loops,
and Fig. 4(a–d) shows the corresponding strain loops, implement-
ing the displacement versus the applied voltage for each condition.

The saturation polarization (Ps), remnant polarization (Pr),
piezoelectric constant (d33) and coercive field (Ec) were measured
for several test samples, and the average results are presented in
Table 2:

As shown in Table 2, the coercive field with an average value of
�1200 kV/cm did not change significantly between different fabri-
cation conditions. In addition, the saturation polarization (�8.4 mC/
cm2) and remnant polarization (�10 mC/cm2) in the first three con-
ditions were almost the same. It was observed that samples fabri-
cated at a lower flowrate (C4) improved their polarization since
both saturation and remnant polarization increased. The increase
in the polarization represents higher number of oriented dipoles
in the film, leading to a higher d33 value.

One of the most important parameters for engineering applica-
tions that directly affects the transducer performance is the d33

piezoelectric coefficient which is measured by thickness change
of the film induced by an out-of-plane electric field [43]. Based
on the results in Table 2, ultrasonication increased the d33 value
from 23 to 31 pm/V (C1 and C2), while the addition of acetone in
the solvent (C2 and C3) did not considerably affect the d33 value.
Ultrasonication No. of layers Thickness

No 5 9 mm
Yes 5
Yes 5
Yes 8



Fig. 3. Polarization loops of different conditions(C1–4) measured at a frequency of
5 Hz as a function of an applied electric field.
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The finding suggests that films with almost the same piezoelectric
properties can be made with a less toxic and costly solvent. On the
other hand, the uniformity of the films may be affected by the sol-
vent evaporation rate that will be discussed in the following sec-
tion. Hence, using DMF/acetone solvent along with a low
flowrate deposition of 0.25 ml/min led to a relatively high d33 value
of 38 pm/V (C4). The d33 value is higher in comparison to the val-
ues observed in the literature [1,44].

To study the relationship between the deposition flowrate and
thickness of the film, different samples were made with condition
C4 but in 5 layers, resulted in films with the thickness of �5 mm
(C5). The obtained d33 value for these samples was even higher
Fig. 4. Displacement-voltage (strain) loops f

4

(d33 = 48 pm/V) than 9 mm thick samples. The corresponding polar-
ization and strain loops of these samples are presented in Fig. 5,
where the saturation and remnant polarization were 9.68 and
6.08 mC/cm2, respectively. A possible reason for the positive effect
of lower thickness on d33 value is the higher probability of the for-
mation of aligned dipoles in lower thicknesses due to the mechan-
ical stresses during the deposition process. Moreover, a higher
number of layers can reduce the uniformity of films that can neg-
atively affect the piezoelectric properties.

The average d33 value in the literature is between 13 and
34 pm/V for PVDF films [1,6,19,44–47], and 24–40 pm/V
[1,44,48] for PVDF-TrFE films. The d33 value of PVDF films obtained
in this work using the USC method was higher than the average d33

value of PVDF and PVDF-TrFE films. For comparison, the d33 values
of some PVDF films made through various other methods in previ-
ous reports, are shown in Table 3. The comparison between d33 val-
ues reveals that the piezoelectric constant achieved in this work is
higher than others reported in the literature. Moreover, in most
other methods, the PVDF films had to be postprocessed with
stretching, poling, quenching, and so forth. This is while the only
post processing that performed on our samples was annealing at
100 �C.

3.2. X-ray diffractometry measurements

GIXRD measurements were performed using a CuKa target at
40 kV and 40 mA, with a step size of 0.01� at an incident angle
of 0.55�. The XRD patterns in Fig. 6 exhibit two intense peaks over-
lapped at 2h = 18.3�, corresponding to the a phase with (020) crys-
tal plane and 2h = 20.2� belonging to b phase with (110) crystal
plane [15,16,50]. These planes are found in all of the samples,
and they represent a higher proportion of the polar b phase, which
brings about high piezoelectric properties in the films. The similar-
ity of the XRD patterns for all the conditions shows that parame-
ters such as ultrasonication, flowrate, and solvent evaporation
or PVDF films made at conditions C1–4.



Table 2
Thickness and piezoelectric parameters of the samples made in different conditions(C1–4).

No. of layers Thickness (mm) Pr (mC/cm2) Ps (mC/cm2) d33 (pm/V) Ec (kV/cm)

C1 5 �9 8.2 10.4 23 1146
C2 5 �9 8.8 9.7 31 1258
C3 5 �9 8.4 10.5 28 1418
C4 8 �9 16.7 19.2 38 1272

Fig. 5. Polarization and strain loops of C5.
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rate, have not significantly altered the crystalline phase of the
films. For further investigation, differential scanning calorimetry
(DSC) measurements were also performed which will be discussed
in the following section.

3.3. Differential scanning calorimetry (DSC) measurements

DSC thermal analyses were performed on samples fabricated in
all conditions (C1–5). The heating curves are not shown in Fig. 7.
The similarity between the melting temperature of PVDF films in
a or b phases makes it difficult to unequivocally distinguish
between these phases using the DSC data [15]. Nevertheless, DSC
data can be used to determine between the formation of a/b and
c phase, within melting temperature ranges of 160–172 �C and
179–180 �C, respectively [15,51]. The endothermic peaks obtained
in the heating curves at �161 �C confirmed the existence of either
a or b phase. Because of the ferroelectricity of the films, it can be
concluded that b phase is the predominant phase in the measured
samples [52–54].

Using DSC data, the degree of crystallinity of the samples was
also calculated using the following equation [18]:

Xc %ð Þ ¼ DHm

DHm0

� �
� 100 ð1Þ
Table 3
Comparison of d33 value in different fabrication methods.

Ref. Method solution thickness

[45] Casting 15 vol% 40 lm
[46] Aligned electrospinning �18 wt% –
[6] Spin coating 30 wt% 46 ± 2 mm
[22] Electrospray deposition 0.05 wt% 400 ± 30 nm
[49] 3D printing – 650 lm
[26] Spray coating 2.4 wt% 8.5 lm
This work Ultrasonic spray coating 5 wt% 5 lm

5

where DHm is the melting enthalpy of the sample and DHm0 is the
melting enthalpy of a 100% crystalline PVDF film, equal to 103.4 J/
g [18], when considering a 100% b phase PVDF film. All of the calcu-
lated crystallinities were around 56%, with no major differences
between them.

Although both XRD and DSC measurements support the forma-
tion of b phase, the reason for the preferential formation of this
phase in the spray coating method is not fully understood yet.
According to Wang et al. [41], the reason can be attributed to the
shear effect of radial outward capillary force and/or the interaction
between the polar solvent and PVDF chain that causes local confor-
mation changes and the nucleation of polar phase. On the other
hand, Alluri et al. [55] suggested that high sound energy of the son-
ication in ultrasonic methods causes the formation of b polar
phase, and therefore, the self-alignment of dipoles in the film.
Some other works have also studied the vibrational stretching of
molecular dipoles in PVDF solution which is induced by ultrasoni-
cation and transforms nonpolar a phase to b/c polar phases [55].

Thus, ultrasonic spray coating helped to induce the b polar
phase in our samples. However, as observed in the samples fabri-
cated without ultrasonication (C1), annealing and stable conditions
of the fabrication process still play an equally important role in the
formation of b phase and the final properties of the films.
3.4. Uniformity and morphology of films

Surface morphology of the crystallized films was characterized
by SEM, shown in Fig. 8, and by flattening AFM images using ‘‘SEM
mode” in Gwyddion software, shown in Fig. 8. Although the tem-
perature of processing may prominently influence the microstruc-
ture of the films [56], the goal of this study was to check the
influence of the spraying process and precursor solution on unifor-
mity and morphology. Accordingly, the annealing temperature was
kept the same for all samples.

By comparing the surface morphology (Fig. 8) of samples fabri-
cated with conditions C1 and C2 (without and with ultrasonica-
tion), it was observed that the size of pores was reduced with
ultrasound. Yet, the AFM-morphology of grains changed a little
as evidenced in Fig. 9. Changing the solvent to DMF/Acetone
(70/30) for C3 reduced the number of pores compared to C1 and
C2 in Fig. 8. Besides, the C3 film exhibited 3 different regions with
slightly different morphologies and decreasing grain size (depicted
as numbered circles 1, 2, and 3 in Fig. 9 for C3). Only region 1 was
similar to the morphology in C1 and C2. Therefore, the mixture of
DMF/acetone introduces the formation of different regions and
Post processing d33 (pm/V)

Corona discharge poling at 250 MV/m 27
– 27.4 ± 1.5
Quenching in liquid nitrogen, at the temperature of 77 K �30
Poling at max. 0.5 MV/m during deposition 43
Corona poling at 12 KV during deposition 0.048
Corona poling, at 10 kV for 10 min 12
– 48



Fig. 6. GIXRD patterns of PVDF samples made with conditions C1–4.

Fig. 7. DSC melting curves of PVDF films made with conditions C1–5.
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morphologies. Finally, the reduction of the precursor solution flow-
rate also positively affected the surface morphology in terms of
porosity of the layer (C4 in Fig. 8). Moreover, only regions 2 and
3 with small grain sizes appeared (C4 in Fig. 9). Consequently, com-
paring samples made in C4 (with DMF/Acetone (70/30) and lower
flowrate) to the others, this particular processing condition pro-
6

duced notably less porous films. The same is true for a reduced
number of layers (C5 in Fig. 9).

In addition to SEM, AFM studies were performed on the samples
C1 to C5 in a scanning area of 10 � 10 mm shown in Fig. 10. As dis-
cussed in the previous paragraphs, samples C1 and C2 present sim-
ilar morphologies with large grain sizes. Nevertheless, the RMS
roughness calculated for C2 (deposited under ultrasonication)
was almost a third lower than that of C1 (without ultrasonication).
The use of DMF/acetone mixture as solvent had little effect on the
roughness of C3 film, although it produced regions of different
morphologies. The real impact was observed when a lower flow-
rate was employed (C4 and C5). Despite the different morphologies
observed in Fig. 9, the roughness decreased even further as evi-
denced by the Z-scale and the RMS roughness values depicted in
the corresponding images of Fig. 10.

Considering the piezoelectric measurements in Section 3.1,
samples with higher piezoelectric coefficient have lower roughness
values and more uniform surfaces. Roughness has an important
influence on electrical [57] and thermal conduction [58]. Frictional
temperature increases at microcontacts of rough surfaces [58].
However, this temperature rise should not cause any problem in
room temperature applications, which is the environment our
experiments have been performed in. Regarding the electrical con-
duction, surface roughness will cause excessive local electric fields
at bumps [57], leading to lower piezoelectric responses and break-
down voltages. Moreover, lower porosity of the samples can
decrease the value of leakage current [59]. Therefore, higher piezo-
electric coefficient of the samples with higher surface quality can
be explained by the absence of surface local electric fields and
lower leakage current.

Both ultrasonication and the low flowrate of solution helped
with the high surface quality of the films. A low flowrate provides
less fluid to the tip at any given moment, which might cause the
ultrasound to effectively produce smaller droplets. When such
small droplets arrive at the substrate, films with less porosity
and smaller roughness will be produced. Our results provide fur-
ther support on the positive effect of ultrasonic spray coating along
with a low flowrate deposition on the quality of pure PVDF films.
They also highlight the significance of surface morphology control,
low porosity and low surface roughness in the piezoelectric perfor-
mance of PVDF films obtained by USC.
4. Conclusion

In this work, piezoelectric properties, morphology, and the crys-
talline phase of PVDF films produced using the nozzle-less ultra-
sonic spray coating method were studied. The results show that
5-layer deposition of 5 wt% PVDF in Acetone/DMF (30/70) solvent
with a flowrate of 0.25 ml/min leads to films with outstanding
piezoelectric properties (d33 = 48 pm/V) and good uniformity,
without any need to perform common post-processing such as
stretching or poling. This study confirms the significance of film
uniformity for achieving highly piezoelectric films. The obtained
d33 value, in the range of those usually obtained by expensive
PVDF-TrFE films, brings us to the conclusion that USC method is
capable of producing large-scale, low-cost, and high-quality piezo-
electric films in one step. Likewise, USC allows the fabrication of
flexible and wearable electronics with complex design and on dif-
ferent substrate materials, which expand its application to more
innovative technologies. Thus, this is a promising method paving
the way for the use of high quality pure PVDF films in the industry
and large-scale engineering applications.



Fig. 8. SEM images from the of samples in condition C1–C4.

Fig. 9. AFM images of samples C1–C5 2D-rendered by ‘‘SEM mode” in Gwyddion AFM-analysis software.
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Fig. 10. AFM images of samples C1–C5. Also, estimated RMS roughness for the films made at different conditions.
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