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A B S T R A C T   

Although P(VDF-TrFE) is an important ferroelectric material, its polarization switching details, especially at the 
nucleation site of the polarized domain, are unknown. Herein, a setup combining a ferroelectricity evaluation 
system and a Fourier-transform infrared spectrometer with a 70 ms time resolution was developed to simulta
neously monitor polarization-switching current and absorption changes associated with the molecular chain 
rotation of P(VDF-TrFE) under an electric field. Time variations of absorbance associated with CF2 symmetric 
vibration in response to the applied electric field served as an indicator of dipole rotation. The onsets and peaks 
of the polarization-switching current, which appeared before the dynamic molecular orientation, changed across 
the material. The complementary characterization revealed that the P(VDF-TrFE) polarized domain first nu
cleates at the interface and grows toward the inner side of film to achieve a completely polarized state of the film.   

1. Introduction 

Ferroelectrics are dielectric materials with nonvolatile electric di
poles that can be preserved in response to an external electric field [1]. 
Piezoelectric and pyroelectric properties form a subset of the ferro
electric effect [2], and class of materials that exhibit such properties has 
a wide range of applications such as nonvolatile memories [3], capaci
tors [4], infrared sensors [5], and sonars [6]. To date, PbTiO3 (PZT), a 
state-of-the-art ferroelectric material with a large remanent polarization 
(600–700 mC m− 2) has been used in commercial devices [7]. For human 
and environmental safety reasons, the use of lead-containing materials 
should be avoided. PZT is currently excluded from the scope of the RoHS 
directive because it is difficult to replace PZT with other materials owing 
to its high performance. To achieve environmentally friendly ferro
electric materials, there has been an increasing number of studies on 
organic ferroelectric families [8–12]. Of these, vinylidene fluoride 
(− CH2CF2− ; VDF)-based polymers have been shown to be a promising 
alternative owing to their nontoxicity. Their excellent flexibility and 
lightweight properties also suggest new technologically useful applica
tions such as motion-to-electricity conversion devices for future energy 

harvesting [13–15]. 
The electric dipole of VDF derivatives (~2.1 D per monomer unit), 

responsible for the ferroelectric effect, originates from the difference in 
the electronegativities between the hydrogen and fluorine atoms bonded 
to the polymer chain. VDF-based polymers and oligomers typically have 
five crystalline phases with different conformations: all-trans confor
mations for the β-phase, TGTG′ conformations for the α- and δ-phases, 
and T3GT3G′ conformations for the γ- and ε-phases [16–19]. The β-phase 
crystal exhibits the largest ferroelectricity, while the α crystal exhibits 
only paraelectricity, and the ferroelectricity of the γ crystal is at most 
~64% of that of the β-phase structure. In PVDF (homopolymer of VDF), 
the paraelectric α-phase is the most stable crystal structure because of 
the steric hindrance between the nearby fluorine atoms in the all-trans 
conformation of the β-phase crystal. To obtain the β-phase crystal 
structure, the PVDF film must usually be subjected to stretching and/or a 
massive electric field [20,21]. In contrast, a copolymer of VDF and tri
fluoroethylene (TrFE), P(VDF-TrFE), can form a β-phase-rich crystalline 
film by a facile wet process (e.g., spin coating) and an annealing treat
ment at low temperature (~130 ◦C) [22,23], with which it shows rela
tively large remanent polarizations (up to 70 mC m− 2) [24], pyroelectric 
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coefficients (50 μC m− 2 K− 1) [25], and piezoelectric constants (d33 = 20 
p.m. V− 1) [26]. Fig. 1 shows the most investigated P(VDF-TrFE) phases: 
α, β, and γ-phases. It has been recognized that the α-phase crystal 
structure could become unstable owing to the steric hindrance between 
the hydrogen and fluorine atoms in the TGTG’ conformation by intro
ducing the TrFE units, making the β-phase crystal energetically favored 
[27]. With the aid of such processability, P(VDF-TrFE) has often been 
used to reveal the properties of VDF derivatives, such as molecular 
orientation [28], crystal structure [29], phase transition (the presence of 
a Curie point) [30], and polarization mechanisms [31]. 

From a physical chemistry point of view, the mechanism of polari
zation switching is one of the most important issues to be addressed 
because it directly reflects the interactions between the P(VDF-TrFE) 
electric field and P(VDF-TrFE)–electrode and intermolecular in
teractions between P(VDF-TrFE)–P(VDF-TrFE). The typical model of 
polarization switching in VDF polymers includes four steps [32,33]: (1) 
nucleation of a polarized region in response to the applied electric field, 
(2) formation of a domain by the growth of the nucleus in the direction 
of the electric field, (3) transversal growth of the domain across the 
material, and (4) domain coalescence. The propagation processes (2)– 
(3) were previously investigated using X-ray diffraction (XRD) [34]. It 
has been proposed that the polarized domain grows along with one 180◦

rotation or three 60◦ rotations. Regarding the nucleation step (1), the 
detailed polarization switching dynamics were recently investigated. It 
was proposed that the nucleation starts from a 90◦ rotation of the 
repeated VDF unit against the polymer chain (so-called “kink”) in the 
initial switching process [35]. 

Despite such progress in unraveling the polarization switching 
mechanisms of VDF polymers [33], nucleation processes are still being 
studied with two plausible scenarios: (1) both the nucleation and growth 
of the domains occur randomly in the film, and (2) nucleation starts 
from the interface of the VDF polymer and electrodes because a higher 
electric field is applied to the interface compared to the film bulk. 
Whereas the first scenario is likely if the rate of nucleation were higher 
than that of the growth steps, the second situation would be plausible if 
the growth rate of the domain were higher than that of nucleation. To 
verify these nucleation mechanisms, detection of the molecular orien
tations and crystal structures of the VDF polymers after polarization by 
varying the amplitude of the electric field (ex situ measurement) is not 
sufficient. 

Instead, we developed a setup for simultaneous (in situ) observations 
of polarization switching (electrical measurement) and structural anal
ysis (fast-time-resolved FT-IR spectroscopy). By monitoring the molec
ular orientation changes throughout the polarization switching with 
high resolutions in frequency and time, and comparing them with the 

switching current behavior, we identified that the initial nucleation sites 
of P(VDF-TrFE) are at the interface of P(VDF-TrFE) and the electrode. 

2. Experimental 

2.1. Chemicals and device preparation 

The materials used in this study are listed in Table S1 of Supporting 
Information (SI). A P(VDF-TrFE) sample with a molecular weight of 
300,000 and molar compositional ratio of 75:25 VDF-to-TrFE units was 
used. For simultaneous electrical and spectroscopic measurements, we 
fabricated an Al/P(VDF-TrFE)/NiCr stacked device, schematically 
illustrated in Fig. 2. Infrared rays can pass through the top NiCr elec
trode [36] while being reflected by the bottom Al electrode; therefore, 
molecular vibrations in the P(VDF-TrFE) layer could be detected by the 
reflection absorption spectroscopy (RAS) technique while applying an 
electric field between the two electrodes. The bottom Al electrode 
(thickness: 100 nm) was vapor-deposited onto a quartz glass substrate of 
dimensions 20 mm × 20 mm. A solution of 10 wt% P(VDF-TrFE) in 
methylethylketone was then spin-coated onto the substrate at 2500 rpm 
for 30 s, followed by annealing at 130 ◦C for 1.5 h to promote crystal
lization. The obtained P(VF-TrFE) film had a thickness of ~1.2 μm. 
Finally, the top NiCr electrode was vapor-deposited to a thickness of 8 
nm. The surface morphology of the P(VDF-TrFE) film did not change 
significantly, suggesting negligible damage caused by radiant heat 
during the NiCr deposition (for more details, see Fig. S1 in SI). Au leads 
were attached to both the top and bottom electrodes for wiring to the 
ferroelectricity evaluation setup. 

2.2. Characterization 

A schematic of the setup for the simultaneous measurement of mo
lecular vibrations and polarization switching is shown in Fig. 2. Au leads 
attached to the electrode of the sample were connected to a ferroelectric 
evaluation system (FCE-1, Toyo). A 0.01 Hz triangular voltage was 
applied to the top NiCr electrode while the bottom Al electrode was 
grounded. The voltage was scanned as 0 → +120 → − 120 → 0 V while 
monitoring the electric current flowing through the circuit. Here, the 
applied voltage of 120 V corresponds to the application of an electric 
field of 100 MV m− 1 to the P(VDF-TrFE) layer. The Al/P(VDF-TrFE)/ 
NiCr stacked device was set in the FT-IR measurement system (FT/IR- 
6600, JASCO). Fast time-resolved FT-IR measurements (rapid scanning) 
and electrical measurements were performed simultaneously. The time 
and wavenumber resolutions were 70 ms and 4 cm− 1, respectively. 

Fig. 1. Molecular conformations and crystal structures of P(VDF-TrFE). Blue, green, and white balls indicate hydrogen, fluorine, and carbon atoms, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3. Results and discussion 

We evaluated the molecular vibrations of P(VDF-TrFE) using the RAS 
technique. In this technique, the applied infrared is absorbed when the 
transition moment of the molecular vibration is aligned in the out-of- 
plane direction of the film [37]. Because the poling treatment of P 
(VDF-TrFE) corresponds to inducing the out-of-plane orientation of 
the P(VDF-TrFE) electric dipoles, this spectroscopy technique can 
directly monitor ferroelectricity-related molecular orientation changes 
in response to an applied electric field. Typical RAS spectra of P 
(VDF-TrFE) films in the wavenumber ranges of 1150–1350 cm− 1 and 
820− 920 cm− 1 are shown in Fig. 3a and b, respectively, for both before 
and after poling treatments (for the spectra in the wider wavenumber 
range, see Fig. S2 and ESI). The detailed peak assignments are shown in 
Table 1. As shown in Fig. 3a, the distinctive peak at 1306 cm− 1, which 
corresponds to the CF2 symmetric stretching vibration (νs (CF2)) of the 
β-phase crystal [38], increased upon poling treatment. Meanwhile, the 
absorption peak at 893 cm− 1 caused by the CF2 asymmetric stretching 
vibration (νa (CF2)) of the β-phase crystal decreased after poling, as 

shown in Fig. 3b. CF2 groups should be oriented randomly in the P 
(VDF-TrFE) film before poling. After the poling treatment, the align
ment of electric dipoles was induced in the out-of-plane direction of the 

Fig. 2. Schematic of simultaneous measurement setup of polarization switching, FT-IR spectroscopy, and the device configuration.  

Fig. 3. FT-IR spectra of P(VDF-TrFE) before 
and after poling treatment in the wave
number range of (a) 1350− 1150 and (b) 
920− 820 cm− 1. Detailed assignment of the 
peaks can be seen in Table 1. For the spec
trum over a wider wavenumber range, see 
Fig. S2 of Supporting Information. The inset 
shows the transition moments of the νs (CF2) 
and νa (CF2) modes. Green and white balls 
indicate fluorine and carbon atoms, respec
tively. (For interpretation of the references 
to colour in this figure legend, the reader is 
referred to the Web version of this article.)   

Table 1 
Assignments of FT-IR spectrum of P(VDF-TrFE).  

Wavenumber (cm− 1) Assignment 

β phase γ phase 

852  νs(CF2), νs(CC) 
893  νa(CF2), r(CH2), r(CF2) 
1075  νa(CF2), w(CH2), w(CF2)  

1125 νs(CF2), w(CH2) 
1185  νa(CF2), r(CH2), r(CF2)  

1201 νa(CF2)  
1238 νa(CF2), r(CH2) 

1306  νs(CF2), r(CH2), r(CF2)  
1330 δ(CH2), w(CH2) 

1400  νa(CC), w(CH2) 
1430  δ(CF2)  
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film. Therefore, these changes in peak intensity are plausible, as the 
transition moments of the νs (CF2) mode correspond to the direction of 
the electric dipole, while that of the νa (CF2) mode is perpendicular to 
the electric dipole, as shown in the inset of Fig. 3a and b. The higher and 
lower wavenumber shifts of the νs (CF2) and νa (CF2) peaks are caused by 
electric-field-induced hardening and softening of molecular vibrations, 
respectively (for more details, see Fig. S3 in ESI). The other peaks 
observed at 1201 and 1240 cm− 1 caused by νa (CF2) absorption of the 
γ-phase crystal also decreased after poling, which was also attributed to 
the same orientation changes of the electric dipole. A compositional 
ratio of 0.66:0.34 for the β-to-γ-phase crystallites within the film before 
poling was estimated according to a previous report [39]. The spectra of 
the P(VDF-TrFE) film after poling do not show poling direction (up or 
down) dependency, exhibiting nearly identical absorbances in all 
wavenumber ranges, as shown in Fig. 3a and b. 

Next, we performed combined measurements of polarization 
switching and fast time-resolved FT-IR spectroscopy. This evaluation 
concept has great potential for investigating the molecular dynamics of 
P(VDF-TrFE) ferroelectricity as it enables simultaneous monitoring of 
reorientations of electric dipoles and functional groups (transition mo
ments). For this purpose, we used the peak top absorbance of νs (CF2) in 
the β-phase crystal at ~1306 cm− 1 because its transition moment di
rection is coincident with that of the electric dipole. A 0.01 Hz triangular 
electric field was applied to the stacked Al/P(VDF-TrFE)/NiCr device for 
two cycles, as shown in Fig. 4a. Fig. 4b graphically shows the absorbance 
and remanent polarization changes induced by this electric field (note 
that we chased a peak top of νs (CF2) at ~1306 cm− 1 as it shifts in 
response to the applied electric field). These peak-top absorbances were 
used to produce this absorbance plot, and polarization switching was 
observed during these cycles, as shown in Fig. 4c. The positive and 
negative remanent polarizations in each cycle were calculated by inte
grating the corresponding area of the electric current peaks. The coer
cive electric field is defined as the electric field required for polarization 
switching (typically the peak top of the electric current in the switching 
loops). 

The first drastic increase in absorbance from 0.362 to 0.385 at 20–30 
s is attributed to the dynamic reorientation of electric dipoles in the 

prepared P(VDF-TrFE) film in the out-of-plane direction (for more de
tails, see Fig. S4 of ESI). This change occurs at an electric field of 75 MV 
m− 1, i.e., 20 MV m− 1 higher than the coercive electric field (Ec = 55 MV 
m− 1 at 115 s in the second cycle). The electric dipoles were randomly 
oriented in the as-prepared P(VDF-TrFE) film. The initial response of 
these randomly oriented dipoles to the applied electric field should be 
slower than that of the once-polarized dipoles. In fact, drastic changes in 
absorbance occur near the coercive field after the next Ec (− 55 MV m− 1 

at 65 s). 
Of particular interest here is that the absorbance drops significantly 

around Ec (− 55 and + 55 MV m− 1 at 65, 115, and 180 s, respectively), 
and then recovers over Ec. During the polarization reversal process, the 
transition moment of νs (CF2) must become oriented in the in-plane di
rection (parallel to the film plane), as shown in Fig. 4d. Therefore, we 
could simultaneously monitor the dynamics of electric dipole switching 
and molecular rotations under a scanning electric field at the same 
timeline. This leads us to investigate the polarization switching of P 
(VDF-TrFE) with high time resolutions, which crucially differs from 
past reports [40,41]; IR measurements of polarized P(VDF-TrFE) films 
were performed while applying a constant amplitude of electric field or 
after polarization, because it was technically difficult to detect the 
absorbance with sufficient time resolutions to determine the fast dy
namics of dipole switching. 

In Fig. 5a, the second-cycle absorbance near 1306 cm− 1 associated 
with νs (CF2) (shown in Fig. 4b (100–200 s)) is replotted so that it is 
visualized in response to the applied electric field. The electric current 
density from the Al/P(VDF-TrFE)/NiCr capacitor at each electric field is 
also shown in the same manner. According to the electric field scan (0 → 
+100 → 0 → − 100 → 0 MV m− 1), the electric current density shows a 
typical switching loop, taking peak tops at an electric field of ±55 MV 
m− 1 (defined as coercive electric fields). Meanwhile, the absorbance 
loop exhibited a clear butterfly-like shape. This type of butterfly-shaped 
loop is specific to ferroelectric materials, which has also been recognized 
in the electric-field-dissolved measurements of capacitance [42] and 
piezoelectric displacement [43] of P(VDF-TrFE). The above-mentioned 
report on IR measurements under constant amplitude of electric field 
also suggested a similar loop [40,41]; however, the absorbance was not 

Fig. 4. (a) Time dependence of electric field 
applied to the P(VDF-TrFE) capacitor. (b) 
Variations of remanent polarization and 
absorbance associated with symmetric vi
bration of CF2 near 1306 cm− 1. Note that the 
remanent polarization and absorbance are 
displayed in the same timeline as that shown 
in panel (a). Moreover, the gradual increase 
in absorbance by the repeated application of 
electric field reflects the enhancement of 
remanent polarization, which is the 
improvement of dipole alignment in the out- 
of-plane direction, by repeatedly applying 
the voltage over the coercive field. (c) 
Polarization-switching current in response to 
the applied electric field for 2 cycles. (d) 
Schematic of molecular rotation during po
larization switching. Green and white balls 
indicate fluorine and carbon atoms, respec
tively. The transition moment of νs(CF2) is 
depicted by red arrows. Because the RAS 
technique can detect the transition moment 
of the molecular vibration aligned in the out- 
of-plane direction of the film, the absorption 
of νs(CF2) is expected to become minimum 
when the transition moment rotates for 90◦

during polarization switching. (For inter
pretation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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simultaneously monitored with the polarization switching curve of 
current density. In contrast, our measurement concept enables the 
comparison of (1) the dynamics of electric dipole switching as a function 
of the electric current loop and (2) functional group (transition moment) 
rotation as the butterfly-shaped absorbance loop under the same electric 
field scan in the same timeline. 

To compare the electric dipole switching with the transition moment 
rotation of νs (CF2), we separated the electric field into five regions, as 
indicated in Fig. 5a. The corresponding electric dipole dynamics are 
illustrated schematically in Fig. 5b. At stage (i), the electric dipole is in 
an “up” state at 0 MV m− 1. Applying the field in the positive direction 
gradually decreased the absorbance (stage (ii); 0–50 MV m− 1). Because 
the applied electric field is below + Ec at this stage, this gradual decrease 
in absorbance is associated with the dielectric polarization that causes 
weak electric dipole fluctuations. At an electric field of ~50 MV m− 1, the 
electric current density starts to increase (stage (iii)), suggesting a large 
polarization reversal. The electric current is attributed to the discharge 
of the capacitor so that the initially accumulated charges in the elec
trodes start to be released into the external circuit. Importantly, electric 
dipoles at the interface with the electrodes, not in the bulk of the film, 
should contribute to the polarization switching at this stage, as illus
trated in Fig. 5b. This model was established based on the following 
reasoning: (1) The absorbance drop at this stage was still gradual, 
showing a slope similar to that caused by dielectric polarization in stage 
(ii). This slope was smaller than that observed at the electric field of 
over + Ec (stage (iv) and (v)); therefore, the number of νs (CF2) transition 

moments contributing to polarization switching should still be small at 
stage (iii). (2) The charges of the P(VDF-TrFE) electric dipoles (δ+ and 
δ–) in the bulk of the film compensate each other or cancel each other 
out, while the dipoles existing at the interface with electrodes 
compensate the accumulated charge carriers of the electrodes. The 
initial discharge of these charge carriers was caused by the switching of 
the electric dipoles at the interface. Further, external voltages were 
applied to the dielectric layer and the electrode/dielectric interfaces in 
the capacitor configuration. Considering that a larger electric field is 
typically applied to the interface rather than to the bulk of the dielectric 
layer, the initial electric current at stage (iii) should be caused by the 
electric dipole switching at the interface. 

After the discharging process at stage (iii), charge carriers (with signs 
opposite to that of the released carriers) reach the electrodes to 
compensate for the electric dipoles near the electrodes. This charging 
process was observed as a peak in the electric current density (stage 
(iv)). The electric field at this peak is generally defined as a coercive 
field. In the electric field range from 0 to +55 MV m− 1, the slope of the 
absorbance drop was almost the same. In contrast, further application of 
electric field led to the drastic decrease (stage (v); 50–70 MV m− 1) and 
the subsequent recovery (stage (ⅵ); 70–100 MV m− 1) of absorbance. As 
mentioned above (Fig. 4d), the transition moment of νs (CF2) must 
become oriented in the in-plane direction (parallel to the film plane) 
during the polarization reversal process. Because the number of transi
tion moments of νs (CF2) existing in the bulk is much larger than that 
located at the interface, it is plausible that the drastic drop and recovery 

Fig. 5. (a) Polarization switching current and variation of absorbance of νs (CF2) (~1306 cm− 1) according to the applied electric field. Note that this graph is 
produced using the absorbance variation in the second cycle of electric-field scan (at 100–200 s of Figure three) and polarization switching curve shown in Fig. 4c. (b) 
Schematic of polarization switching dynamics in P(VDF-TrFE) proposed in this study. 
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of absorbance at stages (ⅴ) and (ⅵ) were mainly caused by the dipole 
reversal in the bulk. Through these processes, the dipole reorientation 
from the “up” to the “down” states is completed across the material. It is 
noteworthy that the drastic drop in absorbance starts at + Ec (from stage 
(iv) to (v)). After the discharging and charging processes, a large electric 
field is set up between the two electrodes owing to the newly accumu
lated charge carriers of the electrodes and the reversed electric dipoles at 
the interfaces with the electrodes, which stimulates the reversal of 
electric dipoles in the bulk of the P(VDF-TrFE) film. As shown in Fig. 5b, 
this process is depicted as the propagation of the polarization switching 
from the interface to the bulk to make the P(VDF-TrFE) layer “down” 
polarized step. Similar processes occur when the electric field was 
applied to the negative side (from the “down” to the “up” poling states) 
to produce the butterfly-shaped absorbance loop. 

In summary, we propose the polarization dynamics of P(VDF-TrFE) 
as follows: (1) The nucleation of polarization first occurs at the inter
face between P(VDF-TrFE) and electrodes. (2) Then, the nucleus grows 
into the bulk of the film to create a completely polarized state across the 
material. 

4. Conclusions 

We investigated the polarization reversal mechanism of P(VDF-TrFE) 
by simultaneously measuring the polarization-switching current and the 
absorbance variations (molecular orientation changes) of identical ca
pacitors. While Pr strongly reflects the polarization state near the 
interface between the P(VDF-TrFE) and electrodes, the absorbance is 
strongly affected by the molecular orientations in the interior of the P 
(VDF-TrFE) film because the employed RAS method detects all the 
active transition moments over the entire film. We established a model 
of polarization switching in the P(VDF-TrFE) film by dividing the 
polarization-switching current and the butterfly-shaped absorbance 
variations into six steps against the scanned electric field, which are: (i) 
initial polarized state, (ii) dielectric response (slight electric dipole 
alignment or fluctuation) by the applied electric field under Ec, (iii) 
nucleation of the polarized domain (reversal of ferroelectric dipoles at 
the interface of P(VDF-TrFE) and electrodes) along with the discharging 
of the accumulated carriers in the electrode just below Ec, (iv) charging 
of capacitor to compensate the electric charges of the reversed dipoles at 
Ec, (v) propagation of the polarized domain toward the interior of the P 
(VDF-TrFE) film (dipole rotations in the bulk of film), and (vi) complete 
polarization switching. The obtained results experimentally confirm the 
conventional Kolmogorov–Avrami–Ishibashi (KAI) model, in which 
nucleation occurs at the interface between P(VDF-TrFE) and electrodes. 
The concept described here can be extended to reveal the polarization 
switching mechanisms of other ferroelectric materials. 
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