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Ferroelectric polymers are used in flexible organic ferroelectric memories, ferroelectric polarization

enhanced organic solar cells, and organic multiferroics. Therefore, understanding their polarization

switching mechanism under bending is important for the operation of such devices. Here, we study

locally by piezoresponse force microscopy (PFM) polarization switching in bent thin films of

the ferroelectric polymer poly(vinylidene fluoride-ran-trifluoroethylene). In bent samples, higher

probability of domain nucleation, faster domain wall propagation, and lower coercive field are

consistently observed by PFM. We ascribe these observations to a decrease of the domain wall

pinning energy, resulting from the mechanical energy stored in the sample due to bending in the

presence of the compression gradient generated below the PFM tip. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4983609]

Ferroelectric polymers have been extensively studied over

the past decades, owing to their interest for the fabrication of

flexible organic ferroelectric memories.1–12 Among ferroelec-

tric polymers, poly(vinylidene fluoride-ran-trifluoroethylene)

(P(VDF-TrFE)) is especially attractive due to its large remnant

polarization, high flexibility, reasonable cost, high chemical

and physical stability, and ease of production and process-

ing.13–15 Importantly, P(VDF-TrFE) also offers a robust and

model system for the fundamental studies of organic ferroelec-

trics.6,16–21 For instance, ferroelectricity could be demonstrated

to exist in ultrathin films prepared by Langmuir-Blodgett depo-

sition of a few P(VDF-TrFE) monolayers only.6,16

In flexible memory devices, it is important to understand

how the ferroelectric polymer behaves when bent. A few

reports have studied the influence of bending on the remnant

polarization and coercive field of P(VDF-TrFE) films,22–26

and a few others investigated the memory performance of

ferroelectric memories employing P(VDF-TrFE) in combi-

nation with semiconductors.24,26–31 A slight increase of rem-

nant polarization was sometimes observed upon bending, but

no significant shift of coercive field nor variation of transis-

tor characteristics could be observed, excluding fatigue

effects, even down to sub-millimeter radii of curvature.29

However, so far, no study had investigated the local

dynamics of switching of polarized domains in bent P(VDF-

TrFE). In unstrained polycrystalline P(VDF-TrFE) thin films,

non-thermally activated (cold-field) polarization switching

was observed, which implies heterogeneous nucleation of

domains in contrast to intrinsic switching. In this case, defects

in chain conformations and chain packing of P(VDF-TrFE)

play an important role in the polarization switching and spa-

tial domain growth velocity.17–19 Recently, we showed that

polarization switching is also controlled by the hierarchical

structure of P(VDF-TrFE) thin films. Due to its semicrystal-

line nature, P(VDF-TrFE) typically organizes into crystalline

lamellae with folded chains separated by amorphous regions

consisting of sharp folds, loose loops, tie segments, and dan-

gling ends of the polymer chains. Based on this structure, we

proposed a two-step polarization switching mechanism con-

sisting of domain wall flow motion within P(VDF-TrFE)

lamellae with pinning arising from the presence of amorphous

regions. The propagation of the switched domain boundary

requires an external activation energy to overcome the pin-

ning energy, resulting in creep-like motion from lamella to

lamella.20 When bent, strains will distribute heterogeneously

between crystalline and softer amorphous regions, which

should change the overall dynamics of domain wall motion,

an hypothesis which will be tested here.

In this work, we thus systematically study by piezores-

ponse force microscopy (PFM) local polarization switching

in bent P(VDF-TrFE) thin films. To prepare the test samples,

ca. 100 nm thick P(VDF-TrFE) (65/35 weight %) films were

spincoated from a solution on a polyimide sheet (thickness

d¼ 260 lm) coated by 5/50 nm Cr/Au [Fig. 1(a)]. The sam-

ples were then annealed at 135 �C for 10 min. A Pt/Ir coated

conductive tip of nominal radius a¼ 20 nm (SCM-PIT from

FIG. 1. (a) Sample structure with PFM tip as top electrode. (b) Schematic

drawings of the flat and bent sample (bending radius R). P(VDF-TrFE) and

Cr/Au electrode layers are not represented because the total thickness of

these layers is much smaller than the thickness d of the polyimide substrate.

a)Authors to whom correspondence should be addressed: ronggang.cai@
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0003-6951/2017/110(20)/202901/4/$30.00 Published by AIP Publishing.110, 202901-1

APPLIED PHYSICS LETTERS 110, 202901 (2017)

http://dx.doi.org/10.1063/1.4983609
http://dx.doi.org/10.1063/1.4983609
mailto:ronggang.cai@uclouvain.be
mailto:ronggang.cai@uclouvain.be
mailto:alain.jonas@uclouvain.be
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4983609&domain=pdf&date_stamp=2017-05-15


Bruker) was used to pole the sample and monitor the polari-

zation switching of P(VDF-TrFE). All PFM phase images

and hysteresis loops were obtained with a Bruker Icon

Dimension by applying an ac voltage of 2 V amplitude and

200 kHz frequency (close to the contact resonance, ca.
220 kHz) to the sample while keeping the tip grounded, or

sweeping the tip voltage from �10 V to 10 V, and back to

�10 V. The force applied to the tip was �50 nN, reasonably

below the threshold for mechanical force-induced polariza-

tion switching.32

Mechanical tensile stresses were applied to P(VDF-

TrFE) by bending the sample over a solid cylinder of radius

R, as shown in Fig. 1(b). Since the total thickness of P(VDF-

TrFE) and Cr/Au electrode layers is negligible compared to

the thickness d of the substrate, the tensile strain can be cal-

culated as e ¼ d
2Rþd � d

2R, and the gradient of strain in the ver-

tical (z) direction is @E
@z ¼ 2

2Rþd � 1
R, when the bending radius

is significantly larger than d. Here, the bending radii R were

47.5 mm, 37.5 mm, 20 mm, 14 mm or 7.5 mm, corresponding

to tensile strains of 0.27%, 0.35%, 0.65%, 0.92%, and

1.70%, respectively. No mechanical failure is expected for

the Au electrode for tensile strains below 2%.33

In such bent films, both piezoelectricity and flexoelectric-

ity may contribute to changing polarization. Piezoelectricity

results from a change in atomic distances following the appli-

cation of a stress; flexoelectricity is due to the asymmetrical

shape of the polar elements of a material, which reorient in a

strain gradient to minimize deformation energy. The piezo-

electric coefficients dij of P(VDF-TrFE) are well-known and

range from ca. �40 to 10 pC/N depending on orientation.34

Therefore, considering a Young’s modulus E of ca. 2 GPa,

the piezoelectric change of polarization in our samples is at

most ca. 1 mC/m2 for the smaller bending radius. This varia-

tion of polarization remains well below the remanent polari-

zation of P(VDF-TrFE) of ca. 70 mC/m2.35

The flexoelectric coefficient l of P(VDF-TrFE) was

reported to be giant in the range of 80 lC/m;36 however,

much more modest values, less than 191 nC/m, were subse-

quently measured by Poddar and Ducharme,37,38 compatible

with early measurements by Fukada et al. (ca. 70 nC/m).39

Therefore, the ratio between the change of polarization due to

flexoelectricity and piezoelectricity, DPflexo/DPpiezo¼ (2/d)

(l/E) dij, is very small (3%), showing that bending-induced

flexoelectricity can be safely ignored in our experiments.

Figures 2(a)–2(c) show PFM phase images (obtained for

exactly the same PFM operating conditions) at 0%, 0.27%,

and 0.35% tensile strains, respectively. The sample was poled

upward over a large region; then short 10 V voltage pulses

(0.5 s) were applied locally to switch polarization before PFM

imaging. All reversal domains are approximately circular with

moderately rough edges, which is in line with the previous

observations.18,19 Noticeably, the domains become larger with

increasing strain; the resulting domain size as a function of ten-

sile strain is plotted in Fig. 2(d), suggesting that tensile strains

facilitate polarization switching and domain wall propagation.

Here, the domain size is defined as the average radius of the

roughly circular domain and is calculated as
ffiffiffiffiffiffiffiffi
S=p

p
, where S is

the area of each switched domain in PFM phase images. The

easier polarization switching and domain growth indicate that

the added mechanical strain energy contributes to lower the

activation energy for domain nucleation and/or domain wall

propagation (depinning), resulting in larger domain sizes.

PFM phase images in Figs. 3(a) and 3(b) show the

domains switched by applying voltage pulses of different

amplitudes for a same duration of 1 s, in the case of 0% and

0.35% tensile strains. The average domain size tends to be

larger for the same voltage pulse amplitude in the strained

film compared to the flat one, which is consistent with the

observation in Fig. 2. We statistically define the probability

of domain nucleation as Nswitch

Ntotal
, where Nswitch is the number of

nucleated domains and Ntotal is the number of total domains

at which a certain poling voltage is applied. A domain is con-

sidered as nucleated as soon as a white pixel appears at the

proper location in the PFM images. The probability of domain

nucleation is plotted in Fig. 3(c) versus the amplitude of the

voltage pulses. The critical electric field for domain nucleation

(defined as the electric field at half maximum of the switching

probability) can be extracted from Fig. 3(c); it is ca. 63 MV/m

and 54 MV/m in the presence of 0% and 0.35% strain, respec-

tively. For the flat sample, this critical field is reasonably close

to the coercive field of bulk P(VDF-TrFE), 61.5 MV/m mea-

sured on the same polymer grade by another methodology.10

The smaller critical field of the stressed sample indicates easier

nucleation of the polarization reversal.

PFM phase images in Figs. 4(a) and 4(b) show the

domains switched by applying voltage pulses of different dura-

tions with a same amplitude of 10 V, for 0% and 0.35% tensile

strains. The domain size is in general larger for the same volt-

age pulse duration in the stressed film compared to the flat

one, which is again consistent with our previous observations.

In agreement with the previous reports,20,40 the average

domain size grows logarithmically with pulse duration, when

FIG. 2. PFM phase images of a ferroelectric P(VDF-TrFE) film with tensile

strains of (a) 0% (flat film), (b) 0.27%, and (c) 0.35%. In all images, the

large background regions (black) were first poled by applying a �10 V dc

voltage on the tip, while keeping the bottom electrode grounded. The rever-

sal domains (white, 16 in each image) were generated by fixing the tip at

approximately the center of each domain while applying a voltage pulse of

10 V for 0.5 s. The average domain size as a function of the tensile strain is

plotted in (d).
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the duration is larger than 0.18 s [Fig. 4(c)]. In addition, the

rate of domain growth is slightly larger for the stressed film,

showing that domain walls propagate slightly faster when the

film is bent. Hence, both domain nucleation [Fig. 3(c)] and

domain growth [Fig. 4(c)] are favored by the application of a

tensile strain. When the duration is smaller than 0.18 s, the

domain size becomes almost constant in both cases, ca. 68 and

78 nm for the flat and stressed films, respectively. The larger

domain size for the stressed film in this small-time scale

regime results from its higher probability of domain nucle-

ation. As for the change of slope in the short duration regime,

it is discussed later in this article.

To further demonstrate that mechanical stress/strain facil-

itates global polarization switching, PFM phase hysteresis

loops were recorded on the flat and bent films. Figure 5(a)

shows typical hysteresis loops for 0%, 0.27%, and 1.70% ten-

sile strain. The loop width decreases with increasing strain,

consistent with increased domain nucleation and wall propa-

gation rates. Successive measurements of the PFM hysteresis

loops indicate that the first two or three loops have a

significantly smaller width than the next ones, for the flat sam-

ple and the 0.27% strain sample [Fig. 5(b)]; we ascribe this

effect to residual stresses introduced in the film during the

installation of the sample onto the PFM setup. These stresses

are relaxed by the segmental molecular motions generated

during the first probing cycles. When averaged over many

successive cycles, excluding the 2 first ones, the average hys-

teresis loop width decreases with tensile strain [Fig. 5(c)],

showing that the coercive field decreases for stressed P(VDF-

TrFE), which again is consistent with our previous results.

We have thus demonstrated that the polarization behavior

of P(VDF-TrFE), when measured by PFM, is significantly

affected by mechanical stresses/strains. In bent samples,

higher probability of domain nucleation, faster wall propaga-

tion, and lower coercive field are consistently observed by

PFM. This is most likely due to a decrease of nucleation and

pinning barriers by the mechanical energy stored in the sam-

ple, which eases the motion of chain segments during switch-

ing. However, it remains to understand why these effects

were not detected in previous non-local experiments

FIG. 3. PFM phase images of a P(VDF-TrFE) film with tensile strains of (a) 0% (flat film) and (b) 0.35%. The scale bar for both images is shown at the right

side of (b). The background (black) was first poled by applying a �10 V dc voltage on the tip, while keeping the bottom electrode grounded. The reversal

domains (white) were generated by fixing the tip at approximately the center of each domain with different voltage pulses (indicated in each image, 1 s dura-

tion) dedicated to each row. (d) The probability of domain nucleation (calculated based on 12 attempts for each voltage) is plotted as a function of the tip pol-

ing voltage. The solid and dashed lines are drawn to guide the eye.

FIG. 4. PFM phase images of a P(VDF-TrFE) film with tensile strains of (a) 0% (flat film) and (b) 0.35%. The scale bar for both images is shown at the right

side of (b). In both images, the whole background regions (black) were first poled by applying a �10 V dc voltage on the scanning PFM tip while keeping the

sample grounded. The reversal domains (white, 36 domains in each image) were generated by fixing the tip at approximately the center of each domain and

applying 10 V voltage pulses with different pulse durations (indicated in each image) dedicated to each row, while keeping the sample grounded. The average

domain size as a function of voltage pulse duration is plotted in (c).

FIG. 5. Typical PFM phase hysteresis

loops (a) and loop width as a function

of measurement cycle number for sam-

ples with 0%, 0.27%, and 1.70% ten-

sile strain. The legend shown in (b) is

the same for (a). The average PFM

hysteresis loop width is plotted in (c)

versus tensile strain. The solid lines in

all panels are guide to the eyes.
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performed in capacitor or transistor configurations, although

the used range of strains are comparable.

A probable cause is the added effect of the force result-

ing from the PFM tip. It was recently shown that mechanical

switching of the electrical polarization can be achieved by

the local application of forces with the tip of an atomic force

microscopy (AFM), for both inorganic ferroelectric materi-

als41 and P(VDF-TrFE).32 This was linked to flexoelectricity

and the existence of very large strain gradients below the tip.

In our experiments, we used low application forces to mini-

mize this effect; nevertheless, the addition of tip-created

strain gradients to the stressed state of the bent sample might

still favor a faster nucleation of reversed domains. Contact

mechanics indicates that, with a tip radius of 20 nm, a force

of 50 nN and a Young’s modulus of 2 GPa, a significant

compressive strain exists in the sample below the tip, over a

range of 20–40 nm. The deformation state of the sample is

thus complex in the experiments, and tip-induced nucleation

of domain switching might actually be the reason for the

change of slope seen in Fig. 4(c) at short pulse durations.

However, mechanical effects from the tip alone cannot

explain the faster domain growth away from the contact point

(Figs. 2 and 4) because strain gradients are essentially limited

to the tip contact area and below; nor can they explain the dif-

ferences consistently seen between the differently bent sam-

ples which are probed with similar tip application forces. At

this stage, the precise molecular mechanisms explaining the

faster polarization switching under a stress are not fully

understood. It is however sure that strains concentrate in the

softer amorphous interlamellar regions and at crystal/amor-

phous interfaces; this might result in an increase of the pro-

portion of trans vs. gauche bonds in these regions that would

ease domain wall propagation from crystal to crystal.

In summary, we have shown that when P(VDF-TrFE)

films are stretched and probed by PFM, faster domain nucle-

ation and wall propagation are observed for higher stretching

ratios. These effects are most probably partially controlled

by the additional presence of a strain gradient arising from

the PFM probe and illustrate that mechanical forces and

their gradients can play an important role for the control of

switching, possibly through a change in the proportion of rota-

tional isomers in amorphous regions and at crystal/amorphous

interfaces. This might actually explain our recent finding of

polarization switching induced by magnetostriction-mediated

strains in hybrid magnetic/ferroelectric nanopatterned compos-

ite films based on P(VDF-TrFE).42 At any rate, our results sug-

gest that proper local design of internal stresses may provide a

supplementary handle to design ferroelectric devices and to

optimize the performance of organic ferroelectric memories

and organic multiferroics.
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