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The b phase stability in poly(vinylidene fluoride/trifluoroethylene) [P(VDF-TrFE)] thin films was

studied below 300 K using X-ray diffraction and polarization-electric-field (P-E) hysteresis loops

measurements. On as-grown samples, an irreversible partial order-disorder transformation at

Tb� 250 K, namely, the b relaxation temperature, was evidenced by the appearance of an additional

X-Ray diffraction peak above Tb as well as changes on the P-E loops on heating after the first cool-

ing. This order-disorder-like transformation which is attributed to an all-trans order to helical disorder

transition is suggested to take place in defect-rich regions like crystal-amorphous interphases and/or

crystalline areas with randomly distributed TrFE defect-like units. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913968]

Poly(vinylidene fluoride/trifluoroethylene) P(VDF-TrFE)

copolymers are typical ferroelectrics and have attracted great

attention for their good ferroelectricity and some unique fea-

tures, like flexibility and self-healing.1–4 The P(VDF-TrFE)

polymers are considered as interesting candidates for develop-

ment of many electronic devices such as smart labels, rollable

displays, contactless identification transponders, and actuators

in Braille displays.5–8 Unlike pure poly(vinylidene fluoride)

(PVDF), P(VDF-TrFE) copolymers exhibit a Curie tempera-

ture (Tc) related to the phase transition which is below the

melting temperature and increases with the VDF mol. %.9

P(VDF-TrFE) copolymers are thus in their ferroelectric phase

and present ideal polarization switching current at room tem-

perature.10 This ferroelectric phase has the same structure as

the b phase of pure PVDF with a slightly expanded unit cell,

which is characterized by a pseudo-hexagonal packing of par-

allel chains in the extended trans-trans conformation.11,12

According to the symmetry of the Cm2m orthorhombic space

group, the molecular dipole moments (perpendicular to the

chain axis) are aligned parallel to the longitudinal mirror plane

of the chains.13 Note that this space group represents only an

average symmetry of P(VDF-TrFE) copolymers because there

is existence of statistically random substitution of VDF mono-

mers by TrFE monomers.14 The good ferroelectric, pyroelec-

tric, and piezoelectric properties are related to the b phase and

thus its stability in P(VDF-TrFE) copolymers is of crucial

importance.

In the present study, the thermal stability of b phase in

P(VDF-TrFE) (70/30 mol. %) thin films was investigated

using X-ray diffraction from 100 K to 300 K. The P(VDF-

TrFE) thin films were deposited on Au-coated silicon sub-

strates by spin-coating method. The film thickness determined

by variable-angle spectroscopic ellipsometry analysis is

200 nm. The virgin films were annealed at 135 �C for 4 h

in air to improve the crystallinity. For polarization-electric-

field (P-E) hysteresis loops measurements, Au top electrode

was evaporated onto the films through a mask to form an

Au–copolymer–Au capacitor structure. The P-E loops meas-

urements were performed using the same method as in

Ref. 15. X-ray diffraction measurements were performed on a

highly accurate two-axis diffractometer in a Bragg-Brentano

geometry using Cu Ka wavelength issued from a 18 kW rotat-

ing anode generator with diffraction angles precision better

than 0.002� (2h).

The thermal cycle performed in this study consists to

first cool the as-prepared sample from 300 K down to 100 K

and then to heat up back to 300 K. Selected ranges of diffrac-

tion patterns from 17� to 21� (2h) were recorded each 10 K

during 1 h 30 min each. Room temperature X-ray diffraction

patterns are shown in Fig. 1. At 300 K, the as-prepared sam-

ple (see Fig. 1(a)) exhibits an asymmetric Bragg peak at

19.8� corresponding to an interplanar spacing of 4.48 Å

which indicates that the chains are packed on a hexagonal

(or pseudo-hexagonal) lattice of axial length of 5.17 Å.11

The asymmetry comes from the intensity of the {200} reflec-

tion at 19.5�, whose intensity is weaker than that of the

{110} reflection at around 19.8�. Note that the axial length

of the b phase lattice in copolymers is larger than that of b
phase in pure PVDF. This is due to the partial substitution of

the hydrogen by the larger fluorine atoms leading to larger

unit cell and thus a smaller average dipole moment in

copolymers. Surprisingly, as evidenced in Fig. 1(b), the sam-

ple having experienced the thermal cycling and back to room

temperature displays an additional Bragg peak at 18.4� cor-

responding to an interplanar spacing of 4.82 Å contrasting

with the situation of the sample without thermal treatment

which shows solely the Bragg peak at 19.8�. Such additional
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peak may imply a phase transition, though its origin is not

clear.

Fig. 2 depicts Bragg peak 2h position as a function of

temperature in P(VDF-TrFE) copolymers during the

cooling-heating thermal cycle. The additional peak appears

on heating at around 250 K and its position decreases signifi-

cantly from 19.5� at 250 K down to 18.4� at 300 K. This

transformation is irreversible because the additionally

appeared Bragg peak does not disappear after further

cooling-heating cycles. It is worth mentioning that strong

relaxations also take place at around 250 K in pure PVDF

and copolymers.16–19 In this study, we call this relaxation

process as b relaxation although it is also denoted in the liter-

ature, such as ba in Ref. 16, aa in Ref. 17, and bc in Ref. 19.

b relaxation has been traditionally assigned to the dynamic

glass transition of segments in the amorphous portion of the

PVDF polymer and copolymers.17,18,20 It has been proposed

also that an interphase region, which maintains the confor-

mational characteristics of the crystalline regions, should

have a decisive role21 in this relaxation process. Indeed,

Hahn et al. point out that the b relaxation results from the

crystal-amorphous interphase in lamellar PVDF crystalli-

tes.22 The b relaxation strength depends linearly on the

weight fraction of the PVDF interphase, which indicates that

the b relaxation may be regarded as a transition of the PVDF

interphase.23 Moreover, at 230–260 K, both elastic and shear

piezoelectric constants associated with chain displacements

along the chain axis decrease rapidly while the dielectric

constant perpendicular to the dipole moment and chain axis

increases.19 This indicates the onset at this b relaxation tem-

perature of rotational or torsional vibrations of molecular

chains and longitudinal motions along the chain.19 Besides,

the strength of dielectric b relaxation decreases noticeably

after poling.19 Since poling treatment reduces structural

defects in crystals, making chain packing in the crystal more

regular, the b relaxation can be attributed to some structural

defects.

Therefore, the chain motions such as rotational and tor-

sional vibrations in the crystal-amorphous interphase are

expected to be intense at around 250 K. The crystal-

amorphous interphase maintains the characteristics of the

molecular order of the crystalline region without suffering

from the rigid network21 restraining the mobility. As a result,

the motion activation in the interphase is more energetically

favored compared to that in the rigid network of the crystal-

line regions. Interestingly, this behavior is also consistent

with the counterpart of the a relaxation, which stems from

molecular motions in the crystalline regions,18,24–26 and hap-

pens at higher temperatures near the melting temperature

(Tm). Actually, a relaxation in P(VDF-TrFE) copolymers is

related with the ferroelectric to paraelectric transition.16,27 It

was showed that the b and a relaxations arise from the same

type of molecular motions, i.e., cooperative trans-gauche

transformations at the boundary between all-trans and disor-

dered helical segments.27 Similar to the ferroelectric to para-

electric transition occurring at Tc in crystalline regions,

the change from almost perfect ordered crystal state to less

ordered amorphous state may happen within crystal-

amorphous interphases at b relaxation temperature, which

therefore leads to the experimental results observed in this

work.

In the ferroelectric to paraelectric transition process,

copolymers were found to undergo drastic intramolecular

changes through introduction of G and G0 bonds, resulting in

an irregular succession of TG and TG0 groups which are

similar to the disordered 3/1 helical conformation of

polytrifluoroethylene.28,29 Moreover, the paraelectric phase

conformation consists of other random combination of trans-

gauche isomers, such as T3G and T3G0 or even T5G and

T5G0.11,30,31 Long trans sequences unlikely survive above Tc

as no X-ray reflection characteristics of the trans-planar rep-

etitions were observed. This helical conformation leads to a

major extension of the intermolecular distance. The drastic

reorganization of the crystalline region through the phase

transition has been reported.13 In the ferroelectric phase, the

coherent crystalline regions appear like flat (8 nm) platelets

of 30 nm-size perpendicular to the chain axis, while in the

paraelectric phase the lamellae becomes thinner (3.5 nm) and

bigger (80 nm). Like ferroelectric to paraelectric transition at

Tc, the change of conformation from all-trans order to helical

disorder within crystal-amorphous interphase at around

250 K is expected to give rise to a lager intermolecular dis-

tance which in turn leads to a smaller angle Bragg peak as it

appears in the X-ray diffraction pattern shown in Fig. 1.

However, it seems that the order-disorder change happening

FIG. 1. X-ray diffraction patterns recorded between 17� and 21� in 2h at

300 K. (a) As-grown sample. (b) Sample having experienced low temperature.

FIG. 2. Bragg peak 2h position as a function of temperature from 100 to

300 K for P(VDF-TrFE) copolymers.
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at around 250 K is not due to the introduction of G and G0

bonds as observed at Tc because of potential energy consid-

erations. Indeed, such transition is rather expected to be trig-

gered around defects or boundaries between ordered and

disordered phases, which needs less energy. Indeed, shear

stresses are introduced by TrFE units making G or G0 bonds

creation more easily,24 while the boundaries need half

energy to form disordered structure. It is worth noting that

Bernd et al. suggested that the presence of chain defects

could result in significant fraction of interphase region in

semicrystalline PVDF.22 In P(VDF-TrFE) copolymers, in

addition to the intentionally inserted TrFE units, there are

extents of reversed monomeric units, head to head and tail

to tail as well as other defects, such as folding chains,

kinks, chain ends, and twist chains due to irregular chain

sequences.22,32 These defects thus influence the interphase

and its amount. The defects-filled crystal-amorphous inter-

phase triggering an all-trans order to helical disorder transi-

tion due to the chain motions such as abruptly intensive

rotational and torsional vibrations is therefore a reasonable

mechanism to explain the anomalies observed at 250 K. This

interphase transition is also considered in polyethylene and

ethylene copolymers.33,34 Actually, the formation of inter-

phase in lamellar semicrystalline polymers is required

because of the difficulty to abruptly dissipate the order at the

crystal surface owing to the chain connectivity. Due to the

steric packing problem, the change of the order into more

isotropic arrangement in the amorphous state requires signifi-

cant attrition, as much as 70%, of the chain flux emanating

from the crystal surface by reentry of chain sequences to the

same lamellae.22,35–37 Large amount of interphase or in-

between crystal-amorphous regions exists in copolymers and

may explain the additional X-Ray diffraction peak observed

in this study [see Fig. 1(a)].

In addition to the interphase, some crystalline regions

being defect-rich can also account for the b relaxation.

Indeed, Takahashi et al. suggested TGTG0-type kink defects

embedded in the all-trans chains, as � � �TTTTTTTTTTGTG0

TGTG0TTTTTTTT� � �.24 The TrFE units being larger intro-

duce many shear stresses, which can generate TGTG0 defects

in the all-trans chains in crystalline regions. At low tempera-

ture, e.g., 100 K in this study, the smaller intermolecular dis-

tances make the influence of shear stress induced by TrFE

units stronger and thus favor the amount of TGTG0 defects.

When the sample is heated up, a trans order to helical disorder

transition in the neighboring of those defects can take place at

b relaxation temperature because of the occurrence of abrupt

rotational and torsional vibration motions in chains. While

further works are required to identify the dominant mecha-

nism of this transition, in both cases, defects affect the

dynamic of molecular motions and an ordered to less-ordered

state is believed to occur at b relaxation temperature.

The order-disorder phase transformation at b relaxation

temperature may be regarded as a phase transition in some-

how similar to that happening in liquid crystals involving

partial ordering. The occurrence of this type of transition is

supported by the change of the thermal expansion coefficient

derived from the additional diffraction peak showed in

Fig. 2. Indeed, both phases, i.e., above and below b relaxa-

tion temperature Tb, with similar hexagonal structure have

very different molecular conformations: a disordered 3/1 heli-

cal conformation above Tb and all-trans order below Tb. The

thermal expansion coefficient is defined as g ¼ ð@d=@TÞ=d,13

where d is the lattice parameter. Above Tb, the thermal expan-

sion coefficient is large, g � 8� 10�4 K�1, which is a charac-

teristic feature of disordered structures like glasses, plastic

crystals, etc.,13 while in the more ordered phase below Tb, it is

only 1:36� 10�4 K�1.

To further support our viewpoint, P-E loops are meas-

ured on heating from 180 K to 300 K. As showed in Fig.

3(a), nearly rectangular P-E loops are obtained whatever the

temperature attesting of the presence of a ferroelectric state

within the whole investigated range of temperatures. The co-

ercive electric field (Ec) as well as the remnant polarization

(Pr) decrease with temperature increasing [Fig. 3(a)], which

indicates that polarization switching is thermally activated.10

In case of any partial loss of polar order in the films at b
relaxation temperature, there must be some traces in the tem-

perature dependence of Pr and Ec. Indeed, as shown in Fig.

3(b), both temperature dependence of Pr and Ec change their

slope at Tb� 250 K. On heating above Tb, Pr starts to

decrease faster meaning that the global phase becomes less

polar. At the same time, Ec decrease slows down above Tb

showing that it becomes more difficult to switch the polariza-

tion state. These observations are consistent with the fact

that at Tb� 250 K the ordered to less ordered phase transition

only occurs in some regions of the films that could be either

at the interphase and/or in defect-filled crystalline regions.

Above the partial ordering/disordering transition temperature

Tb, the sample remains ferroelectric. However, the relative

ratio of polar disorder in respect to polar order becomes

smaller because of the order-disorder change expected to

occur in the interphase and/or defect-rich crystalline regions.

As a matter of fact, this change causes Pr and Ec to decrease

faster and slower, respectively, on increasing temperature.

In summary, as-grown P(VDF-TrFE) copolymers films

underwent an irreversible partial order-disorder transforma-

tion at Tb� 250 K after being preliminarily cooled down to

100 K. This transition is evidenced by the appearance of an

additional X-Ray diffraction peak at around 250 K which

is concomitant to the so-called b relaxation temperature

associated with change of the system dynamic. This order-

disorder-like transformation is attributed to an all-trans order

to helical disorder transition. It has been suggested to occur

in defect-rich regions like crystal-amorphous interphases

and/or crystalline areas associated to randomly distributed

FIG. 3. Temperature dependence of (a) P-E loops, and (b) remnant polariza-

tion (Pr) (left), coercive electric field Ec derived from P-E loop (right) of

P(VDF-TrFE) films. The straight lines are guide to the eyes.
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TrFE units. Such defects cause intensive chain motions such

as rotational and torsional vibrations at b relaxation tempera-

ture. This interpretation is supported by the temperature de-

pendence of the expansion coefficient as well as the

ferroelectric parameters, i.e., Pr and Ec.
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