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ABSTRACT ARTICLE HISTORY
Ferroelectric polymer PVDF possesses different polymorphs. Solution-processed thin films crystal- Received 27 September 2022
lize mostly into the paraelectric a-phase. From «-PVDF, the electroactive phases 8-, y-, §-PVDF
can be achieved by further treatments. For instance, 5-PVDF, also known as ap-phase, can be
obtained by electro-forming. In this work, we study the «-PVDF surface morphology using atomic
force microscopy through a high-resolution image at the sub-nanometre scale. We go through
the ferro- and piezoelectric properties of the electro-formed §-PVDF thin films and we present an
electro-mechanical characterization in high-fields regime, for studying the non-linear electrostrain
behaviour, and in low-fields regime, for extracting the piezoelectric coefficient.

KEYWORDS
PVDF; AFM; nanoscale;
§-phase; piezoelectricity

3-PVDF

&
S 12
S 0.01
3 g
Q
imer chains/ 3 4 + w 0.00
§
£ c
g 0 § oot
g D 002
o -8t
° —
L — A 003 . 4 L
[n] -200 -100 0 100 200 -200-100 0 100 200
Electric Field £ (Vum™) Electric Field E (Vum™?)

IMPACT STATEMENT

The capability of atomic force microscopy to investigate surfaces at sub-nanometre scale is applied
for a direct observation of polymer chains within the crystalline lamellae at the unit-cell length
characteristic.

Introduction different treatments «-PVDF can be converted into elec-

Polyvinylidene fluoride (PVDE) is one of the most attrac-  troactive polymorphs [13,15,16]. For instance, §-PVDF
tive ferroelectric polymers thanks to its electroactive 1 known as the polar version of the a-phase, since they
properties which originate from the highly polar dipole ~ have the same chain conformation, and can be obtained
-CH,CF,- [1]. PVDF finds several applications, includ- by electro-forming [14]. By applying high voltage to a
ing memory device [2,3], tunnel junctions [4-6], sensors non-polar ¢-phase thin film, a reversal of the dipole com-
[7,8], transistors [9,10] and energy harvesting [11,12].  ponents in every second chain occurs, resulting in the
Five different polymorphs called -, B-, 8-, y- and  molecular packing of the §-phase [17]. In the o-§ transi-
¢-phases characterize PVDE. Each of them has a differ-  tion the dipoles reversal could be accomplished through
ent chain conformation: as TTTT for the -phase, TGTG*  several ways. In literature, different possible mechanisms
for a- and 8-phases and T3GT3G’ for y and e-phases ~ have been discussed, like a reorientation of every sec-
[13]. Solution-processed pristine thin films of PVDF are ~ ond chain by 180° through a propagation of a twist
non-ferroelectric, since the most thermodynamically sta-  along the molecule, or a 90° rotation about every gauche
ble polymorph is the non-polar a-phase [14]. Through ~ and gauche minus bond of alternate chains [17-22].
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Despite the reversal phenomena, the «-§ transition does
not affect molecular conformation TGTG’ and unit-cell
dimensions, which remain identical for both phases. The
unchanged unit-cell dimensions lead to identical Fourier
transforms infrared (FTIR) spectra for both polymorphs.
In the same way, X-ray diffraction (XRD) patterns do not
show differences in peak positions and only small differ-
ences in intensities [14,17]. Ferroelectric characteristics
as coercive field and remnant polarization of electro-
formed PVDF §-phase thin films have already been inves-
tigated [14]. However, an in-depth and comprehensive
electrostrain analysis, i.e. the butterfly curve, for solution-
processed thin films and piezoelectric characteristic in
the low electric field regime, is still lacking.

In this work, we present a morphological study of
PVDF thin films from micro- to sub-nanometre scale
using atomic force microscopy (AFM). Starting from the
typical PVDF spherulite microstructure, we generated
high-resolution morphological maps of the surface at the
sub-nanometre scale, which allowed us, for the first time,
to observe the polymer chains’ organization inside the
crystalline lamellae. FTIR and XRD have been conducted
in order to identify the crystalline phase. We report also
an electro-mechanical analysis and characterization of
the -6 transition by using micromachined capacitors.
Electric displacement and strain characteristics as a func-
tion of the electric field have been recorded through
stepwise increased electric field applied in order to study
the transition from non-polar to polar polymorphic state,
and hence, from electrostrictive behaviour to butterfly
curve, i.e. the -8 transition. From this analysis, remnant
polarization, coercive field, electrostriction coefficient
and piezoelectric coefficient have been determined. Fur-
thermore, we carried out low-field regime measurements
by applying an electric field, below the coercive field,
demonstrating negative piezoelectric activity depending
on the polarized state. We conclude with a comparison
between our results and data from literature.

Materials and methods
Synthesis of polymer thin films

The polymer thin films were fabricated via spin-coating
from polymer solution. High purity powder, purchased
from Sigma-Aldrich, was added with weight ratio of 4%
into the solvent dimethylformamide (DMF) at 60°C for
increasing the dissolution rate. The polymer solution
was spin-coated at 3000 rpm on the substrate which was
heated up to 170°C to ensure a smooth and homoge-
neous surface of the polymer and avoid vapor-induced
phase separation [14,23]. Subsequently, the sample was
annealed for 2 h at 170°C and cooled down under natural
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convention. This process led to a film thickness of about
300 nm.

Fabrication of metal-ferroelectric-metal capacitors

For electrical and electro-mechanical characterization of
PVDE micromachined circular shaped capacitors with
6 mm of diameter were fabricated. To start, a 4” (100)
silicon (Si) wafer with 250 nm LPCVD silicon dioxide
(Si0,) and 80 nm silicon nitride (Si3Ny) layers, needed
for electrical insulation, served as substrate. Bottom elec-
trodes were formed by lift-off process, depositing 50 nm
of chromium (Cr) by electron-beam evaporation as adhe-
sion promoter for a 100 nm thermally evaporated gold
(Au) layer. Afterwards, the polymer was spin-coated and
annealed. On top of the polymer, a 150 nm Au layer was
thermally evaporated and subsequently patterned by wet
chemical etching to serve as top electrode. Details about
the microfabrication process can be found in supple-
mentary information (1). Prior to any electro-mechanical
characterization, the polymer thin films are polarized by
applying sufficiently large DC voltage, meaning above the
coercive field.

High-spatial resolution morphological and
ferroelectric characterization

The molecular resolution images of PVDF films were
obtained by operating an AFM in amplitude modula-
tion mode [24] by applying very small oscillation ampli-
tudes in the range of 100-500 pm to the cantilever.
Small and ultra-small amplitudes have already allowed
to obtain molecular resolution images of polymer thin
films, such as polythiophene [25]. Small amplitude oper-
ation enhances the sensitivity to short-range interaction
forces and therefore provides a higher spatial resolution.
Experiments were performed using PPP-FM-AuD can-
tilevers (NanoAndMore, Germany) driven in their sec-
ond flexural mode with typical parameters f, = 448 kHz,
k, = 158 Nm~! and Q, = 575. The macroscopic polar-
ization of the material as a function of the electric field
was measured via a Sawyer-Tower bridge (see supple-
mentary information (2)). By applying a 10 Hz trian-
gular wave AC signal to the micromachined capacitor
and increasing step by step the amplitude, the transi-
tion from paraelectric a- to ferroelectric §-phase has
been studied and the hysteretic behaviour was mea-
sured, enabling an evaluation of coercive field (E;) and
remnant polarization (P,). The analysis of the electro-
mechanical response has been performed through highly
sensitive optical lever readout of a Bruker Dimension
Edge AFM. The displacement of the polymer thin film
in response to the applied electric field was measured
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at a single point in the centre of the capacitor. For that
purpose, a cantilever (Nanoworld PNP-TR with a spring
constant of k = 0.32 N/m) made of silicon nitride (non-
conductive cantilever for avoiding electrical interference
caused by ground loops) was used. Details of this mea-
surement technique, including a comprehensive discus-
sion on clamping effects, are described elsewhere [26,27].

Results and discussion
Nano- and microstructure of PVDF

In Figure 1(a), an AFM height image of the PVDF thin
film morphology after annealing is presented, show-
ing typical spherulite microstructure [14]. PVDF crys-
tals growth outward starting from a central nucleation
point towards the grain boundary, forming so-called
spherulites [27]. Inside the spherulites, polymer chains
are orderly packed within platelet-like crystals with a
thickness of around 10nm, called lamellae. Between
the lamellae there are gaps where polymer chains are
arranged in disordered conformations, resulting in amor-
phous interlamellar regions [28]. Since a single polymer
chain folds back and forth multiple times through the
same lamella and/or across different lamellae, crystalline
and amorphous parts are strongly intertwined within a
single spherulite (see Figure 1(c)) [27]. PVDF «a-phase,
arranged in TGTG’ configuration, is characterized by a
crystalline unit-cell whose lattice constants are equal to
a=496A, b=964A and ¢ = 4.62A [14]. In order
to achieve and measure these values, indirect observa-
tions have been carried out through spectroscopy tech-
niques, like FTIR and XRD. So far, nobody was able
to observe microscopically, so through direct observa-
tion, how chains are actually arranged and to measure
at the sub-nanometre scale data like the crystalline unit-
cell and chain dimension. In Figure 1(b), we present for
the first time a high-resolution AFM phase image in the
sub-nanometre regime of a PVDF «-phase thin film that
we could use to analyse the packing characteristic of the
polymer chains inside a crystalline lamella. The image
shows a close-up of the dendrite-like characteristic of the
spherulites, already seen in Figure 1(a) and recognizable
in the three raised bands pointing in the same direc-
tion, and, most of all, allows us to see the polymer chains
arrangement within the crystalline structure of the PVDF
a-phase. The AFM measurement section in Figure 1(b),
indicated by a white line drawn perpendicular to the
polymer chains, shows the height profile of the raised
band surface characterized by distinct ridges. As conse-
quence, we determined at half peak-to-valley height the
width of one representative ridge as quantity to mea-
sure one polymer chain dimension, resulting in a value of

0.47 nm ( = 4.7 A). From a projection onto the ab plane
of the «-PVDF crystalline unit-cell [17,18], the a-value
from these measurements corresponds to the dimension
of a polymer chain. The distance peak-to-peak along the
y-axis (x(nm)) presented in Figure 1(b) has been mea-
sured in the order of 0.96 nm, therefore in agreement
with the b-dimension of the crystalline unit-cell (see sup-
plementary information (3)). Since, as mentioned above,
the crystalline unit-cell of PVDF «-phase has lattice con-
stants equal to a = 4.96 A, b = 9.64 A and ¢ = 4.62 A,
we have measured for the first time the dimension of
a unit-cell through direct microscopic observation. All
the ridges on the raised band in Figure 1(b) are poly-
mer chains packed in parallel within crystalline lamel-
lae. As result of the semi-crystalline nature of PVDE
ordered crystals are characterized also by amorphous
parts (see Figure 1(c)), therefore the profile drawn does
not show regular periodicity. Although Figure 1(b) is
associated with PVDF «-phase, since the atomic posi-
tions and unit-cell dimensions are identical for both
a- and §-phases [14], it is reasonable to assume that an
analogue microscopy-based measurement on the PVDF
8-phase surface would have led to the same crystalline
unit-cell value.

Phase study and molecular conformation

To study and detect the polymer phase of solution-
processed thin films, FTIR and XRD have been per-
formed. In Figure 2(a) the identification of the peaks
characterizing the FTIR spectra are presented. The pris-
tine PVDF crystallizes manly into the «-phase, there-
fore characteristic bands like 615, 764, 795, 855, 976 and
1209 cm™! are identified [13,29]. No absorption peaks
related to y -phase and B-phase have been found [14,26].
a- and 8-PVDF instead show an identical FITR spec-
tra [14,30-32]. Figure 2(b) shows the XRD pattern of
the solution-processed PVDF thin films. For evaluation
of the data, a Split Pearson VII function was fitted to
each scattered intensity characteristics to extract peak
positions. The 20 values relating to the peaks are 17.9°
and 20.1°, which refer to the (100) and (110) orientation
planes of the non-polar TGTG’ a-phase, confirming the
observation from the FTIR spectra [14,32-34].

Electro-mechanical characterization

By applying a sufficiently high electric field on a PVDF
thin film a transformation from «-PVDF into §-PVDF
occurs. Figure 3 demonstrates the electro-forming pro-
cess of the §-phase. The transition is presented through
the measured hysteretic response of electric displacement
D as a function of electric field E, and electro-mechanical
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Figure 1. Surface morphology of PVDF at the micro-, nanometre and sub-nanometre scale. (a) AFM height image performed at a scan
range of 50 um, which shows the spherulites characterizing the PVDF microstructure. (b) High-resolution AFM height image showing
chains organization within a spherulite at the sub-nanometre scale. (c) Schematic illustration of the spherulites structure.
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Figure 2. Chain conformation and crystal structure of P(VDF-TrFE). (a) FTIR spectrum (absorbance) and (b) XRD pattern, fitted by a Split

Pearson VII, of solution-processed PVDF.

response of strain S as a function of electric field E using
micromachined capacitors. The corresponding mechan-
ical strain S = Al/ly is calculated as the relative change in
thickness of the polymer thin film, where Al is the vari-
ation in thickness from its zero-field value [ after initial
polarization. As presented in Figure 3, if we start from a
pristine film with an applied E5c = 100 Vum ™!, PVDF
shows a paraelectric behavior, i.e. ¢-phase. By increasing
E stepwise, the hysteresis and the butterfly curves appear,
indicating the transformation into ferroelectric §-phase.

The full D-E loop with a constant P, is obtained at Ej,x
of about 200 Vum ™! in conjunction with a stabilized and
symmetric S-E curve. In order to evaluate the E. and P,
from the hysteretic loop, we used an empirical model
developed by Miller et al. where two parts composing the
hysteresis curve are distinguished: Ps™ and Ps~ [35]. The
fitted D-E curve is shown in Figure 4(a) and the result-
ing fitting parameters E. and P,, equal to 113 Vum™!
and 6.1 pCcm ™2, are mean values of parameters extracted
from the two branches, which are in agreement with data
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Figure 3. D-E (blue) and S-E (red) characteristics as a function of the maximum electric field applied. By increasing the electric field, we
have a transformation «- to 5-phase, therefore, from a paraelectric to a ferroelectric behaviour (hysteresis loop).

previously published [14,36,37]. Furthermore, we stud-
ied the E. and P, dependency on the frequency applied on
the PVDF thin film (see supplementary information (3)).
Together with the hysteretic loop, we measured also elec-
trostrain characteristic [26,38]. In general, electrostric-
tion describes the quadratic change of a polarization-
induced mechanical strain and, since independent of the
crystal class, is present even in amorphous materials [39].
According to the electrostriction model, PVDF piezo-
electricity originates from electrostriction and S in fer-
roelectric polymers varies with the square of D in terms
of a Taylor series with the first non-vanishing term [40]:

S = Q33D% = Qs3(e0&,E + Ps)? = Q338562

+ 2Q33808,EPs + Q33 P> (1)

where Q33 is the longitudinal electrostriction coeffi-
cient, written with two indices following Voigt’s nota-
tion, Pg is the spontaneous polarization and € = €,¢, is
the dielectric permittivity [26]. The first term Q33 888%]52
corresponds to the pure electrostrictive effect, whereas
the second one, 2Qs33&0&,PsE, is referred to the linear
longitudinal piezoelectric effect, with the piezoelectric
coeflicient ds33 = %|E:O = 2Q3380&,P+E. The origin of
piezoelectricity is attributed to electrostriction biased by
spontaneous polarization [24,26,37-39]. The last term,
Q33P52, represents the spontaneous strain. Since a nega-
tive Q33 was extracted, the corresponding d3;3 is negative
as well, resulting in values of Q33 = —3.7 m*C~2 and
d33 = —39pmV L. Similar to the fitting procedure of the
D-E hysteresis, two branches can be used. The result from
the electrostriction model is compared with measured
data and represented in Figure 4(b). In general, when the

electric field applied exceeds the coercive value, the ferro-
electric material undergoes polarization reversal, exhibit-
ing a highly non-linear behaviour of the electrostrain,
i.e. the butterfly curve [41]. Carrying out measurements
at low electric fields, below the coercive value, we can
study the piezoelectric nature of the ferroelectric PVDF
thin films. PVDE, as its copolymer P(VDF-TrFE), exhibits
negative piezoelectricity which arises from the Van der
Waals forces acting as intermolecular bonds [42]. Neg-
ative piezoelectric behaviour is shown in Figure 5(a).
Applying an electric field along the direction of the polar-
ization results in a contraction of the material, instead, if
applied in the opposite direction of the polarization, in
an expansion, as long as the field applied is below the
coercive field [26,27,42]. However, for proceeding with
piezoelectric coefficient analysis, the polymer has to be
turned macroscopically into the ferroelectric state [26].
Therefore, we applied an electric field of 150 Vum™! for
5min, since E, is equal to 113 me’l. Afterwards, we
applied different DC voltages, still below coercivity, for
an interval of time approximately of 10 s and measured
the corresponding lateral displacement of the thin film.
The measured data are shown in Figure 5(a). When an
electric field is applied, S moves from zero instantly to a
strain value and, once switched off, comes back to the ini-
tial zero position. By increasing E, the strain S increases as
well. We gathered corresponding E-S pairs and visualized
them in an S(E) plot, shown in Figure 5(c). As expected,
the piezoelectric response of the PVDF thin film is linear,
and the proportionality factor is d33. Through a linear fit,
d33 = —42.8pmV~! was extracted, in good agreement
with d33 = —39pmV~! determined from high fields
measurements. The d33 values presented in this work are
also comparable to those of biaxially stretched f-PVDF
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Figure 4. Polarization and ferroelectric characteristics of §-PVDF. (a) Fit according to the Miller model (grey line) for the measured D-E
data (blue circles). (b) Fit according to the electrostrictive model (grey line) for the measured electro-mechanical response (red circles).

a . S, 0<E<Bpa ==eloul N c
TP 1P TE 1P 1E
.............. 0.004 | 9s=-428pm vt
initial compression expansion
b oo 0.002 |
0.003
2 0.002 - VC’
S ool ' 0.000
n O 7]
0.000 Ll...
0 10 40 time(s) 50 80 90 =SRG2 I
0.000 [ e N lhn'
«n -0.001 | -0.004
= 1 1 1 1
‘® -0.002
& -80-40 0 40 80
-0.003

-0.004

Electric Field E (Vum™1)

Figure 5. DC step voltage measurements and piezoelectric coefficient estimation. (a) Representation of the negative piezoelectric
behaviour. (c) Plot of the S and E values collected from (b) in S as a function of E chart: the linear fitting gives dss.

(—31pm V1) and solid-state processed PVDF (—36 pm
v~ [36].

Conclusion

The spherulite microstructure, typical for «-PVDF has
been presented through atomic force microscopy and
analysed at the nano- and sub-nanometre scale. By
means high-resolution AFM surface imaging, we showed
that it is possible to directly observe the crystalline
constitution of the polymer. We measured the unit-
cell characteristic of PVDF «-phase directly on the
polymer surface, finding good agreement with data
from literature. Furthermore, we studied ferro- and
piezoelectric properties of §-PVDF thin film and mea-
sured E. = 113 Vum ™! and P, = 4.7 uCcm 2. We mea-
sured the electro-mechanical behaviour for high fields,

recording the highly non-linear electrostrain charac-
teristic and extracted Q33 = —2.4m*C2 as well as
d33 = —29.8pmV L. Low electric field measurements
on a polarized thin film showed a linear S-E characteristic
that we measured by applying DC voltages and recording
the strain due to the piezoelectric response. From that, we
obtained d3; = —42.8 pmV !, in good agreement with
measurements for high fields. Next, we compared the
data with literature showing how our measurements pro-
vided reliable results in terms of ferroelectric activity.
The limited number of reports regarding §-PVDE, espe-
cially in terms of electro-mechanical characterization,
might be due to the delicate processing, requiring high
substrate temperatures and smooth film topographies.
Nevertheless, the promising piezoelectric characteristic
demonstrated in this work makes the electro-formed
8-PVDF thin films an interesting candidate for several
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applications in micro electromechanical systems and
microelectronics.
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