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Abstract
We report switching behavior between the ferroelectric β phase and the paraelectric α phase in polyvinylidene fluoride–
multiwalled carbon nanotube (PVDF–CNT) nanocomposite. The PVDF–CNT nanocomposite thin films are prepared on 
Au/Si substrates using spin coating technique. Various characterization techniques reveal the interaction of PVDF with 
CNTs as a nucleating agent for nucleating ferroelectric β phase in PVDF. A wavelength-independent reversible phase 
transformation behavior is observed for the PVDF–CNT nanocomposite during the measurement of laser power modu-
lated micro-Raman spectroscopy (533 and 632 nm lasers). This observation opens up an innovative route where we can 
control the interactions between polar nanocarbons and PVDF using visible light.
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1 Introduction

The active optical control of ferroelectric properties of 
material has received great interest in recent years due 
to its varied application in ferroelectric devices such as 
ferroelectric memories and electro-optic modulators [1, 
2]. Although spontaneous polarization of a ferroelectric 
material is largely controlled using an external electric 
field, the ferroelectric and paraelectric nature of any non-
centrosymmetric material is predominantly determined by 
its Curie temperature [3]. The control of the polarization 
of a ferroelectric material determines its usage in many 
ferroelectric devices such as memories, field effect tran-
sistors (FETs), and electro-optic modulators, which are 
polarization dependent [4–6]. Mainly light interacts with 
a ferroelectric material thermally or electronically. For light 
to interact electronically with the polarization vector of the 
ferroelectric material, the material should possess crystal 
symmetry as seen generally in single-crystalline materi-
als which are difficult to fabricate [7]. In a polycrystalline 

system, the dependence of polarization of light with the 
spontaneous polarization vector for a ferroelectric mate-
rial is ruled out due to its random domain orientations. 
Hence, it is very challenging to understand the effects of 
light–matter interactions electronically or thermally due to 
the random arrangement of ferroelectric domains.

Very recently, the light polarization-dependent optical 
control of the ferroelectric properties in single-crystalline 
ferroelectric thin film materials such as  BaTiO3 and  BiFeO3 
has been reported for non-contact and remote manipu-
lation of ferroelectric properties in ferroelectric-based 
devices [1, 8–10]. Therefore, there is an urgent need to 
develop new materials and strategies, which can exhibit 
ferroelectric nature with simultaneous control of its polar-
ization using light. Henceforth, it remains a challenging 
task to switch between the ferroelectric and paraelec-
tric phases of a non-centrosymmetric material in short 
timescales.

Polyvinylidene fluoride (PVDF) has received great atten-
tion as a semicrystalline polymer for its good mechanical 
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robustness and functionality in comparison with single-
crystalline materials [11–13]. PVDF is known to exhibit fer-
roelectric, piezoelectric, and pyroelectric behavior, which 
makes it useful in many electronic devices and energy 
harvesting systems [14–16]. Largely, PVDF exhibits four 
different phases, namely α, β, γ, and δ depending on its 
molecular arrangement. The all trans (TTTT) phase (β) pro-
viding the highest spontaneous polarization exists in the 
orthorhombic unit cell with lattice parameters a = 8.58 Å, 
b = 4.91 Å, and c = 2.56 Å while the trans-gauche-trans-
gauche′ (TGTG′) phase (α) existing in the monoclinic unit 
cell configuration shows the least spontaneous polariza-
tion due to its alternate arrangement of dipoles [17, 18]. 
PVDF-based nanocomposites employ polar nanomaterials, 
which enhance its performance. Polar nanomaterials such 
as nanoclays, nanocarbons, and inorganic salts have been 
used as fillers in the PVDF matrix [19, 20]. These compos-
ites exhibit enhanced ferroelectric, dielectric, and mechan-
ical properties which have been demonstrated for many 
applications [21, 22]. In this context, carbon nanotubes 
(CNTs) efficiently induce ferroelectric β phase in PVDF due 
to the electrostatic interaction of –Hδ+–Cδ+–Fδ−– dipoles of 
PVDF with π orbitals of CNTs, as reported in the literature 
[23, 24].

In this work, we have observed a visible light-induced 
reversible phase transformation from β to α phase in 
PVDF–CNTs thin films probed by micro-Raman spec-
troscopy with two different incident laser wavelengths 
(532 nm, 633 nm). Various characterizations of the nano-
composites reveal the presence of stable β phase con-
figuration under ambient conditions. We believe that this 
optical control of ferroelectricity in PVDF nanocomposites 
makes it highly desirable for various ferroelectric devices 
due to its mechanical robustness, simplistic preparation, 
and easy integration.

2  Materials and methods

PVDF–xCNTs (x = 0.1, 0.3, 0.5, and 0.7  wt%) nanocom-
posites were prepared by dispersing required amounts 
of PVDF (Alfa Aesar) in N,N-dimethylformamide (DMF) 
using a magnetic stirrer at 60 °C for 30 min and unfunc-
tionalized CNTs (Sigma-Aldrich) in DMF (Sigma-Aldrich) 
by ultrasonication for 5 min. Both the PVDF solution and 
CNT dispersions were then mixed and ultrasonicated for 
15 min to achieve a homogenous solution. The final solu-
tion was then spin-coated on Au-coated (50 nm) Si sub-
strates to achieve a thickness of 200–300 nm by control-
ling the spinning rate and the viscosity of the solution. 
The coated substrates were then dried at 60 °C on a hot 
plate for an hour before using for other characteriza-
tions. Crystalline structure was revealed by micro-Raman 

spectroscopy (Renishaw-InVia Raman Spectroscope). 533-
nm diode laser (green) and 632-nm He–Ne laser (red) were 
used to perform wavelength and laser power-dependent 
Raman spectroscopy. It is noted that Raman spectra were 
acquired at more than 5 points at different areas of the 
thin film (objective lens is 100 ×). Elemental composition 
study was performed by X-ray photoelectron spectroscopy 
(XPS, ULVAC-PHI PHI5000 Versa Probe II) with a source of 
AlKα 1486.6 eV. Differential scanning calorimetry (DSC) 
was done under an airflow at a heating rate of 10 °C/min, 
using Al crucibles (Shimadzu-TA-60WS/DTG-60H). Fou-
rier transformation infrared spectroscopy (FTIR, Jasco, 
FTIR-6200) was acquired over the wave number range of 
600–1000 cm−1 using attenuated total reflectance tech-
nique (ATR) for thin films coated on Au/Si substrates.

3  Results and discussion

Since each crystalline phase in PVDF has a unique absorb-
ance in the infrared regime, the formation of β-phase in 
PVDF–CNTs thin films was confirmed by FTIR as shown in 
Fig. 1a. The increase in absorbance intensity of the band 
at 840 cm−1 (CH2 rocking,  CF2 stretching, and skeletal C–C 
stretching corresponding to β PVDF) w.r.t the absorb-
ance band at 796 cm−1 (corresponding to α phase) is seen 
which is due to the formation β-phase in PVDF [25–28]. 
Figure 1b shows the variation of the β phase of PVDF with 
a change in concentration of CNTs. The relative portion 
of β-phase in samples F(β) was quantified from IR spectra 
using Beer–Lambert law using Eq. (1) which is given as:

where Aα and Aβ are the absorbances at 764 cm−1 and 
840 cm−1, correspondingly, and Kβ (7.7 × 104 cm2 mol−1) 
and Kα (6.1 × 104 cm2 mol−1) are the absorption coeffi-
cients at the individual wavenumber [25]. As seen from 
the figure, the β phase fraction increased with an increase 
in the CNTs content and exhibited a maximum value of 
78% at 0.7 wt%. Hence, PVDF–0.7 wt% CNT composition 
was chosen for further studies and will be referred to as 
PVDF–CNTs. Figure 2 shows Raman spectra of pristine 
PVDF and PVDF–CNT nanocomposite. The peaks at 610 
and 795 cm−1 correspond to the α phase, and peaks at 840 
and 510 cm−1 correspond to the β phase.

Figure 3 shows XPS spectra (C1s and F1s) of pristine 
PVDF and PVDF–CNTs. Figure 3a, b shows the F1s level 
spectra, which are originated from F atoms in PVDF. Fig-
ure 3c, d shows C1s spectra that come from C atoms in 
both PVDF and CNTs. The deconvoluted spectra for the 
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C1s also show the contribution of various C species to the 
C1s XPS spectra. Two major peaks from contributions of 
–CH2– and –CF2– species are seen in the C1s spectra of pris-
tine PVDF and PVDF–CNT nanocomposite. A less intense 
peak at 292.9 eV in C1s spectra of pristine PVDF indicates 
the presence of –CF3– species. In the case of PVDF–CNTs, 
contributions of –CH2– and –CF2– species are observed at 
286.5 eV and 290.9 eV, which are 0.7 eV and 0.5 eV higher 
than those of pure PVDF, which indicates a shift of the 
C1s spectra of PVDF–CNT nanocomposite toward higher 
binding energy. The peak at 284.5 eV in the C1s spectra of 
PVDF–CNTs indicates the sp2 contributions of C atoms in 
CNTs. In addition, there is a decrease in peak area corre-
sponding to  CF2 and broadening of overall C1s spectra as 
compared to C1s spectra of pristine PVDF. Two new peaks 
at 288.8 eV and 281.4 eV in PVDF–CNTs appeared which 
are assigned to –F–C–H– and –F–C–C–H– (crosslinking of 
polymer chains) species of PVDF [29]. The shift of the C1s 
spectra can be due to the change in the electronic envi-
ronment of C species in PVDF in the presence of CNTs. The 
chemical shift in C1s spectra of PVDF in the presence of 
nanostructures with electrostatic charges on the surface 
is reported in the literature [30–32]. Overall, the chemical 
shift, peak broadening, and appearance of new peaks indi-
cate a strong electrostatic interaction of PVDF molecules 
to CNT’s with a simultaneous ordering of PVDF molecules 
in the form of β-phase. The XPS spectra of F1s for the pure 
PVDF showed a peak located at 688.5 eV corresponding to 
F atoms in –CF2– species. For the nanocomposite, it was 

Fig. 1  a FTIR spectra of pristine 
PVDF–CNTs thin films of dif-
ferent loadings and b β phase 
fraction in PVDF–CNTs for 
different CNT loadings

Fig. 2  Raman spectra of pristine PVDF and PVDF–CNT nanocom-
posite
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located at 689.4 eV along with the appearance of the new 
peak at 687.6 eV upon deconvolution [33]. The new peak 
at 687.6 corresponds to F atom in –H–C–F– species. Also, 
XPS peaks of F1s for PVDF–CNT nanocomposite shift to 
higher binding energies, due to the chemical shift induced 
by the surface interfacial interactions between the hydro-
gen atoms in –Hδ+–Cδ+–Fδ−– dipoles of PVDF and the π 
orbitals of CNTs.

The phase transformation phenomena were inves-
tigated using laser power-dependent micro-Raman 
spectroscopy (533- and 632-nm incident lasers using a 
100 × objective lens with a laser spot area of 0.5–1 µm2) 
to observe the structural changes. Figure 4 shows the 
Raman spectra with increasing laser powers (λ = 532 nm) 
for PVDF–CNTs where the phase transformation behavior 
was seen. At laser powers less than 2.4 mW, peaks at 840 
and 510 cm−1 indicate that the β phase is predominantly 
present. While above 1.4 mW, such peaks shrank and two 
peaks at 610 and 795 cm−1 corresponding to the α phase 
appear [34, 35]. At higher laser powers (beyond 2.4 mW), 
the thin film thermally degraded. When the laser power 
was reduced below 1.4 mW (threshold power), the α phase 
transformed into the β phase in a reversible fashion. Fur-
ther, we found that this reversible phenomenon is not 
wavelength dependent by acquiring the Raman spectra 
at two different wavelengths 533 nm and 632 nm.

To see whether the phase transformation behav-
ior is switchable, we captured that the Raman spectra 

Fig. 3  XPS measurements for PVDF–CNTs and pristine PVDF. F1s core level spectra of a PVDF–CNTs, b pristine PVDF. C1s core level spectra of 
c PVDF–CNTs and d pristine PVDF

Fig. 4  Raman spectra with increasing laser powers for PVDF–CNTs 
showing the transformation of the ferroelectric phase to the parae-
lectric phase (a–f ) at laser powers beyond 1.4 mW (λ = 532 nm)
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(λ = 633 nm) were obtained at low and high powers (1.4 
and 2.4 mW) alternately at the same location one after 
other as shown in Fig. 5a. The switching behavior between 
the paraelectric (α phase) and ferroelectric phases (β 
phase) in PVDF–CNT nanocomposites is clearly seen. The 
intensity ratio of β over α at the laser powers of 1.4 and 
2.4 mW is plotted in Fig. 5b. Regular oscillation behavior 
was observed, and intensity ratio changes three times 
approximately during the change in laser power. It is 
noted that for pristine PVDF, no such phase transforma-
tions were observed as shown in Fig. 6. Similar in situ laser 
power-dependent Raman spectroscopy was performed 
for other compositions of CNTs, i.e., 0.1 wt%, 0.3 wt%, and 
0.5 wt% as shown in Fig. 7a. Similar switching behavior 
was observed for loadings of 0.3 and 0.5 wt%, whereas no 
phase change behavior was observed in 0.1 wt% composi-
tion. The variation of β:α intensity w.r.t laser powers for 0.3, 
0.5, and 0.7 wt% is shown in Fig. 7b.

Figure 8 shows DSC heating and cooling curves for 
pristine PVDF and PVDF–CNT nanocomposite. The shift 
of crystallization temperature (Tcr) toward higher tem-
perature and lowering of crystallization temperature 
(Tm) for the nanocomposite from the pristine condition 
clearly indicates the nucleation and structural modifica-
tion of PVDF molecules in the presence of CNTs. Deter-
mination of Curie temperature of the ferroelectric to par-
aelectric transition using DSC is difficult for PVDF and 
its composites because the phase transition tempera-
ture and the melting temperature lie very close to each 
other (167–172 °C) [36]. Irrespective of this difficulty, it 
is very clear that the Curie temperature of PVDF is inde-
pendent of the other external factors such as the addi-
tion of other nanomaterials in the PVDF matrix. Since 
no phase transition was observed in pristine PVDF with 

slight β phase (Fig. 6), we conclude that the increase in 
laser power does not produce temperatures close to 
the phase transition or melting in PVDF. On the other 
hand, laser heating with localized temperatures below 
the melting point cannot be ignored since the excitation 
is done using a continuous wave laser (without thermal 

Fig. 5  Reversible switching 
behavior of the ferroelectric 
and the paraelectric phases 
in PVDF–CNTs w.r.t laser 
power change in an ON–OFF 
fashion from 1.4 to 2.4 mW at 
λ = 633 nm. a Raman spectra of 
PVDF–CNTs at laser powers of 
1.4 and 2.4 mW (high/low) at 
the same spot under investiga-
tion. b β and α peak intensity 
ratio versus laser power high/
low (β and α correspond to 
peak intensity ratio of 840 and 
795 cm−1)

Fig. 6  Raman spectra of pristine PVDF at increasing laser powers 
(λ = 532 nm)
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degradation of the material). The results from XPS and 
DSC confirm that the phase transformation occurs on 
the surface of CNTs where β-PVDF chains are adsorbed. 
Schematics of the phase transformation in PVDF chains 
on the surface of CNTs are shown in Fig. 9. As indicated, 
hydrogen atoms in PVDF possess a partial positive 
charge due to the presence of highly electronegative 
fluorine atoms in vicinity [37]. This helps the hydrogen 
atoms to get attached to the CNT walls due to the strong 
electrostatic interaction with the π orbitals of CNTs [23]. 
Although it is reported that the (TGTG′) is energetically 
more stable than β (TTTT) conformation of PVDF, we still 
observed the phase transformation to be reversible [38]. 
Such an occurrence can only be attributed to the pres-
ence of CNTs in the system. Since similar results were not 
observed in pristine PVDF (Fig. 6), we assume that the 
electrostatic interaction between CNT and the polymer 
chains is regained at low laser powers. Thus, the laser 

excitation during Raman measurements induces some 
temporary structural modification to the polymer chains 
in the presence of CNTs.

The alteration of the ferroelectric phase to the parae-
lectric phase can be due to several reasons. One of the 
reasons can be structural modification due to a localized 
increase in temperature by laser power. Since we employ 
a continuous laser source in Raman measurements, it is 
likely that there is some amount of heat that is generated 
within the material. Further, it can be expected that the 
localized photocurrents and pyroelectric currents gen-
erated due to laser heating combined with a decrease 
in electrical resistivity caused by the presence of CNTs 
[39–41]. The high content of β phase (non-centrosym-
metric phase) in the PVDF–CNTs composite produces 
pyroelectricity induced charges due to a temporary volt-
age generated at the instant when it is excited with due 
to the temperature induced by the laser locally [42, 43]. 

Fig. 7  Reversible phase switching behavior from 1.4 to 2.4  mW at 
λ = 532  nm for different CNT loadings. a Raman spectra of PVDF–
CNTs at laser powers of 1.4 and 2.4  mW (high/low) at the same 

spot under investigation. b β and α peak intensity ratio versus laser 
power high/low (β and α correspond to the peak intensity ratio of 
840 and 795 cm−1)

Fig. 8  DSC a heating and b 
cooling curves for PVDF–CNTs 
and Pristine PVDF
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These charges combined with the photocurrents induced 
with the laser may orient the PVDF molecules adsorbed 
on the surface of the CNTs to its energetically stable α 
(TGTG′) conformation during the laser excitation (Fig. 9). 
Hence, CNTs act no longer as β nucleation sites during 
laser excitation with high powers. This suggests that the 
phase change occurs at the interface of PVDF chains and 
the CNT surface. In the case where the CNT loading was 
0.1 wt%, no transformation behavior was observed. This 
can be because of the low electrical conductivity of the 
composite at low CNT loadings, whereas for loadings at 
0.3, 0.5, and 0.7 wt%, the phase transformation behav-
ior was observed. It is also known that the conductivity 
increases beyond the percolation threshold of the mate-
rial, which is reflected in the decrease in dielectric constant 
and increase in dielectric loss. In the case of CNTs, the con-
ductivity increases rapidly after 0.4 wt% loading in PVDF 
in general [39]. This may also suggest that the change in 
local conductivity can also affect the phase transformation 
behavior. It is also noted that the decrease in CNTs content 
induces lower β fraction and hence lower pyroelectric cur-
rent [17, 44]. Therefore, the absence of phase transforma-
tion behavior in lower CNT loading can be due to the lower 
pyroelectric currents with less electrical conductivity. The 
reversible phase change implies variations in the crystal 
structure of β-phase to α phase and, thereby, the dimen-
sions of the material exhibiting photostrictive nature. The 
β phase has an orthorhombic structure, which exhibits dif-
ferent crystal dimensions and spontaneous polarization 
when compared with the paraelectric α phase. Hence, the 
demonstrated dynamic reversible optical control of the 

ferroelectric polarization in very small areas will be a key 
vital in ferroelectric devices and materials.

4  Conclusions

We report a light-driven wavelength-independent ferroe-
lectric β phase to paraelectric α phase reversible transition 
in PVDF–CNTs composite thin films. CNTs act as the nucle-
ating site for the formation of β phase as confirmed by 
the structural characterizations. Laser power-dependent 
Raman spectroscopy shows the reversible phase transi-
tion phenomenon, which is expected to arise due to the 
generation of laser-induced pyroelectric currents. From 
the supporting results from XPS and DSC, we confirm that 
the phase transformation process occurs on the surface of 
CNTs where β-PVDF chains are adsorbed. The reversible 
recovery of the ferroelectric β phase from the paraelectric 
α phase using visible light suggests that formation of the 
nanocomposites with nanocarbons can modify the ferro-
electric properties of crystalline polymer materials. These 
findings will be helpful in ferroelectric memory-based 
devices and other related applications.
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