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Abstract

Polymer thin films with patterned ferroelectric domains are attractive for a broad range of 

applications, including the fabrication of tactile sensors, infrared detectors, and non-volatile 

memories. Here we report the use of gold nanocages (AuNCs) as plasmonic nanostructures to 

induce ferroelectric-paraelectric phase transition in a poly(vinylidene fluoride) (PVDF) thin film 

by leveraging their photothermal effect. This technique allows us to generate patterned domains of 

ferroelectric PVDF within just a few seconds. The incorporation of AuNCs significantly enhanced 
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the pyroelectric response of the ferroelectric film under near-infrared irradiation. We also 

demonstrated the use of such patterned ferroelectric films for near-infrared sensing/imaging.

Graphical abstract

Plasmon-assisted phase transition was used to pattern a freestanding ferroelectric thin film into 

arrayed domains in a few seconds by incorporating a very small (0.08% by wt.) amount of Au 

nanocages into the film. The patterned array of ferroelectric domains could serve as discrete pixels 

for infrared sensing/imaging.
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Photothermal conversion based on plasmonic nanostructures has been explored to induce 

localized heating of the host medium, which is highly attractive for a broad range of 

applications including biomedicine,[1] steam generation,[2] optofluidics,[3] and acceleration 

of chemical reactions.[4] The heat transfer from a plasmonic nanoparticle to the host medium 

starts with the absorption of photons via localized surface plasmon resonance (LSPR) and 

conversion of part of the photon energy to heat, which is then transferred to the surrounding 

medium.[5] Previous studies have demonstrated the use of such plasmonic heating to induce 

phase transition in water,[2b] thermoresponsive copolymers[6] and phase-changing 

materials[7]. These plasmon-assisted phase transitions in the host media can lead to various 

interesting physical changes in material properties, offering a powerful tool to design and 

fabricate functional devices for an array of applications.

Ferroelectric polymers have attracted much interest as the next-generation piezo-/

pyroelectric materials due to their feasibility for solution processing, flexibility, low cost, 

and non-toxicity. Poly(vinylidene fluoride) (PVDF), one of the most commonly used 

ferroelectric polymers, possesses α, β and γ phases.[8] Its piezo-/pyroelectric properties 

have enabled the fabrication of film-based tactile sensors, infrared detectors, energy 

harvesting devices, and non-volatile memories. To realize these applications, it is critical to 

pattern the ferroelectric phase (either β or γ) rather than the paraelectric α phase. So far, 

such patterning has been mainly achieved by irradiation etching[9] and imprinting 

lithography.[10] The former method may deteriorate the ferroelectric properties while it is 

not easy to obtain a freestanding and smooth polymer film using imprinting lithography 

without involving multiple steps. PVDF generally exhibits a phase transition from the 

ferroelectric to the paraelectric phase when heated temperatures near its melting point or the 

ferroelectric Curie temperature (ca. 170 °C).[11] As an alternative approach, Wegener et al. 
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reported the patterning of PVDF film by scanning of a focused laser beam across the top 

aluminum electrode.[12] This method successfully generated depolarized stripes of 80–90 

μm wide in a PVDF film, but the efficiency is expected to be relatively low due to the high 

reflectance of the metal electrode, and the one-direction heat transfer from the electrode to 

the film.

In this communication, we demonstrate the use of plasmonic nanostructures to harvest the 

photon energy as an effective means to induce ferroelectric-paraelectric phase transition in a 

ferroelectric polymer film. Specifically, we mixed AuNCs with PVDF and then cast the 

mixture into thin films. We employed AuNCs as the plasmonic nanostructures owing to their 

tunable LSPR in the near-infrared (NIR) region and the remarkable photothermal 

effect.[6, 13] When dispersed in a polymer matrix, AuNCs could be used to generate 

localized heating in the PVDF film upon laser irradiation, leading to ferroelectric-

paraelectric phase transition in just a few seconds. This efficient plasmon-assisted phase 

transition allows us to pattern the ferroelectric β phase into an array of domains (i.e., pixels) 

isolated by the paraelectric α phase over a large area, enabling the facile fabrication of NIR-

responsive pyroelectric devices.

Figure 1a shows a TEM image of the AuNCs, which are characterized by a hollow interior 

and pores at the corners, together with an average outer edge length of ca. 48 nm and a wall 

thickness of ca. 6 nm. The homogeneous mixture of AuNCs and PVDF showed a slight blue 

color (Figure 1b), with no indication of aggregation. The as-obtained AuNC/PVDF 

composite films had a smooth surface (Figure S1). The films were characterized by FTIR 

spectroscopy. As shown in Figure S2, the β phase [14] predominated the crystallization of 

PVDF during film casting and the addition of AuNCs had essentially no effect on the 

formation of the β phase. The UV-vis-NIR extinction spectrum (Figure 1c) recorded from 

the AuNC/PVDF film revealed a red shift of ca. 67 nm for the LSPR peak in comparison 

with that of AuNCs in an aqueous suspension due to the increase in effective refractive index 

for the surrounding medium.[15] In the present work, we purposely tuned the LSPR peak of 

the composite film to ca. 800 nm to overlap with the wavelengths of lasers used in this work.

In an initial study, we investigated the plasmon-assisted heating process. The temperatures 

of a AuNC/PVDF film upon irradiation with the 808 nm laser were monitored using a K-

type thermocouple and an infrared camera. We also carried out measurements for pristine 

PVDF in addition to composite films with four different mass ratios for AuNCs (0.01, 0.02, 

0.04 and 0.08%). As shown in Figure S3, the temperature increased with both the mass ratio 

of AuNCs and laser power density. Within 20 s of irradiation, all the AuNC/PVDF films 

showed drastic increases in temperature, more significant than what was observed in the case 

of pristine PVDF film (see Figure S4 for IR images). When the laser power density was 

increased, the rise in temperature (ΔT) also increased accordingly for each composite film. 

We then quantitatively evaluated the ability of the composite films to convert light to heat by 

calculating the energy conversion efficiency (η see Supporting Information). Furthermore, 

the AuNC/PVDF films exhibited good durability under long-term laser irradiation. As 

shown in Figure S5, the photothermal conversion efficiency of the composite films did not 

change after five rounds of irradiation, whereas reduction in temperature rise was clearly 
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observed for a reference sample containing indocyanine green rather than AuNCs. The much 

higher stability of AuNCs over organic dyes would ensure a long lifetime for the devices.

We then studied the phase transition during a plasmon-assisted heating process. We observed 

that exposure to 808 nm laser at 1 W cm-2 for less than 10 s was sufficient to induce the 

transition from the ferroelectric β phase to the paraelectric α phase due to the high 

photothermal conversion efficiency of AuNCs. The formation of the α phase in the 

composite film was evidenced from the time-elapsed FTIR spectra shown in Figure 2a. The 

peaks at 610, 765, 796, 973, 1144, 1167 and 1211 cm-1 for the α phase were clearly visible 

while the peaks at 839, 1176 and 1232 cm-1 for the β phase disappeared. For the thermally 

induced ferroelectric to paraelectric phase transition of PVDF, it has been reported to occur 

near its melting point (ca. 170°C) through an intermediate amporphous or liquid-crystalline 

phase.[11a] When the laser energy added into the AuNC/PVDF film reached 800 J cm-3, the 

corresponding temperature could be over 170 °C (see Figure 2b). As such, the β-phase 

crystal could melt to form an amorphous phase or a liquid-crystalline phase, followed by 

recrystallization into the α phase. We calculated the α or β phase content in the laser-

irradiated region from the absorbance of the respective vibrational bands at 765 cm-1 for the 

α phase and 839 cm-1 for the β phase. Upon irradiation for a short period of only 10 s, the β 
phase-dominated (ca. 73%) AuNC/PVDF film was transformed to the α phase-dominated 

(ca. 70%) film.

The efficient plasmon-assisted phase transition could also be employed for the fabrication of 

micropatterned ferroelectric domains. We could simply use a laser beam as a writing pen to 

create a patterned array of the β-phase PVDF isolated by the nonpolar α phase over a large 

area. To obtain a micropatterned ferroelectric thin film, a continuous laser beam was utilized 

to irradiate the AuNC/PVDF film on a motorized x-y stage (Figure 3a). The use of a 785 nm 

laser at a power of 25 mW and a stage moving speed of 20 μm s-1 successfully produced 

micropatterned β-phase domains in the composite film. The phase contents of the irradiated 

and non-irradiated regions were visualized using Raman spectroscopy as shown in Figure 

3b. The representative absorption peaks of 839 and 796 cm-1 for the β and α phases, 

respectively, were selected and the integrated intensity for each peak was mapped (Figure 3, 

c and d). The pattern clearly shows a transition from the β phase to the α phase in the laser 

beam path. The percentages of the α and β phases were calculated and plotted as dashed 

lines in Figure 3e. The line profile clearly shows a patterned distribution of the β phase, with 

a minimum feature size around 20 μm. Note that there was a transition gap of ca. 10 μm 

wide between the α and β phase-dominated regions, mainly due to the lateral thermal 

diffusion.

One of the major applications of the ferroelectric PVDF film is for the detection of infrared 

signals. Conventionally, the infrared sensor comprises a PVDF film sandwiched between 

two electrodes with the top electrode severing as an absorption layer to pass the heat to the 

pyroelectric film.[16] This design may cause heat transfer loss and hinder the pyroelectric 

response of the detector. In our system, the pyroelectric film itself serves as the adsorption 

layer due to the incorporation of AuNCs. When the AuNC/PVDF film is exposed to NIR 

irradiation, heat will be generated directly in the film due to the photothermal effect so the 

level of polarization in the film will change as a result of change in temperature. Therefore, 
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when the level of polarization decreases upon heating under open circuit conditions, the 

released surface charges will create a potential difference across the polar axis, similar to a 

charged parallel plate capacitor.[17] For a parallel capacitor with a homogeneous electric 

field, the open circuit voltage V can be expressed as

Where p is the pyroelectric coefficient, ε33 is the relative permittivity of the PVDF, d is the 

film thickness, and ΔT is the temperature change. Therefore, one direct approach to increase 

the open circuit voltage generated by the AuNC/PVDF film with a specific thickness is to 

increase the ΔT. At a given irradiation energy, ΔT is determined by the photothermal 

conversion efficiency (η) of the composite film. As such, we presume that enhancement in 

pyroelectric response can be obtained for the AuNC/PVDF film by increasing the mass ratio 

of AuNCs. To measure the pyroelectric responses to NIR irradiation, the PVDF films with 

different mass ratios of AuNCs were sandwiched between two electrodes, with the bottom 

electrode being a copper tape and the top electrode being a mesh of Ag nanowires (see 

Figure S6 for the characterization). As shown in Figure S7, a higher AuNC mass ratio 

indeed led to a larger temperature change as well as higher voltage value. The 0.08% AuNC/

PVDF film developed a voltage of ∼20 mV, which represents an increase of ca. 570% 

compared to the ∼3 mV for a pristine PVDF reference sample. Clearly, the incorporation of 

AuNCs could greatly enhance the pyroelectric response of a PVDF-based pyroelectric 

device to NIR light.

The plasma-assisted micropatterning of ferroelectric phase together with enhanced 

pyroelectic response further encourage us to fabricate a pixilated array for infrared imaging. 

As a proof-of-concept, we constructed a β-phase sensing array with 3×3 pixels as shown in 

Figure S8. The patterned copper layer served as both a mask for laser exposure and 

electrodes for measuring electrical response (Figure 4a). The array was then selectively 

exposed to NIR radiation and the open circuit voltage from each pixel was recorded. The 

electric response of each pixel was then calculated and color-coded to show the difference. 

Figure 4b showed the illumination patterned to show the four letters of T, E, C, and H. The 

illuminated pixels generated a signal of 23 ± 5 mV. Negligible signal was detected from the 

blocked pixels, confirming that the pixels were isolated from each other by the α-phase 

barrier.

In conclusion, we have demonstrated the use of plasmonic nanostructures to induce 

ferroelectric-paraelectric phase transition in a freestanding ferroelectric polymer film. The 

efficient plasmon-assisted phase transition could be conveniently combined with masked 

exposure for the fabrication of patterned ferroeleltric domains or pixels. We also 

demonstrated the feasibility of constructing a pixilated ferroelectric phase pattern for 

infrared imaging. The simple and efficient method demonstrated in this study is expected to 

promote both the low-cost fabrication and broader application of polymer-based flexible 

ferroelectronics.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) A typical TEM image of AuNCs. b) Photograph of a homogeneous mixture of AuNCs 

and PVDF obtained by mixing a suspension of AuNCs in ethanol with a PVDF solution in 

DMF. Transparent films were then cast from the mixture using a mold placed on a hot plate. 

c) Extinction spectra recorded from an ethanol suspension of AuNCs, PVDF film, and 

AuNC/PVDF film. The LSPR peak of the AuNCs red-shifted from ca. 733 nm in ethanol to 

ca. 800 nm in PVDF.
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Figure 2. 
a) FTIR spectra recorded from a AuNC/PVDF film upon irradiation with 808 nm laser for 

different at 1 W cm-2 periods of time. b) Plot of phase content and temperature change in 

terms of laser power density.
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Figure 3. 
a) Schematic illustration of phase patterning in a AuNC/PVDF film using direct laser 

writing technique. The 785 nm laser source in Raman microscope was used and the motion 

of the sample was driven by a software-controlled motorized stage installed in the 

microscope. b) Raman mapping collected over 250 × 250 μm2 area of AuNC/PVDF film, 

exhibiting a patterned β phase distribution. Bar: 50 μm. Representative Raman spectra of c) 

non-irradiated region (β phase-dominated) and d) laser-irradiated region (α phase-

dominated) in AuNC/PVDF. e) Profile of phase content from the dash line indicated in b).
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Figure 4. 
a) Schematic showing a proof-of-concept device for IR imaging using phase-patterned 

AuNC/PVDF film by masking the laser irradiation with copper electrodes. b) Responses of 

pixels in the sensing array to the incident irradiation, which was selectively blocked to form 

the four letters in TECH.
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