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Purified and porous poly(vinylidene

fluoride-trifluoroethylene) [P(VDF-TrFE)] thin films

for pyroelectric infrared sensing and energy

harvesting

A Navid, C S Lynch and L Pilon

Mechanical and Aerospace Engineering Department, Henry Samueli School of
Engineering and Applied Science, University of California, Los Angeles, Los Angeles,
CA 90095, USA

E-mail: pilon@seas.ucla.edu

Abstract. This paper aims at improving the performance of poly(vinylidene fluoride-
trifluoroethylene) [P(VDF-TrFE)] copolymer for pyroelectric infrared detection and
direct thermal to electrical energy conversion. Three different types of samples
were prepared and examined: commercial, purified, and porous films. Here, full
characterization of the thermophysical and electrical properties relevant to pyroelectric
infrared detection and energy conversion of both purified and porous P(VDF-TrFE)
thin films is presented. Properties measured include (1) density, (2) ferroelectric to
paraelectric phase transition temperature, (3) enthalpy of change of phase, (4) electrical
resistivity, (5) ferroelectric hysteresis, as well as (6) specific heat, (7) dielectric constant,
(8) loss tangent, and (9) pyroelectric coefficient as a function of temperature. The
figures of merit for infrared detection FV , FI , and FD were improved by 47.0, 59.6,
and 51.6%, respectively for the purified films while the porous films with porosity of
33% showed an improvement of 52.8, 66.3, and 62.6%, respectively when compared
to those of dense commercial P(VDF-TrFE) films. In addition, figures of merit for
energy harvesting FE and k2 indicate that the purified and porous films are attractive
for thermal to electrical energy conversion as well. Infrared sensing, energy harvesting,
waste heat
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1. Introduction

Poly(vinylidene fluoride) PVDF and its copolymer with trifluoroethylene P(VDF-

TrFE) have received special attention over other pyroelectric polymers as they can be

implemented from industrial to biomedical applications [1]. The ferroelectric behavior,

along with lower cost make both of these polymers viable alternatives to ceramics like

PZT. Typical applications for materials such as PVDF and P(VDF-TrFE) include

infrared detection [1–4], infrared imaging [1, 5–7], and, to a lesser extent, heat to

electricity conversion [1, 8–22].

The performance of pyroelectric materials in these applications depends strongly

on the material’s thermophysical and electrical properties. For P(VDF-TrFE), these

properties have been studied for various VDF and TrFE compositions. For example,

Furukawa et al. [23] measured the specific heat and dielectric constant of 55 mol.%

VDF and 45 mol.% TrFE or 55/45 P(VDF-TrFE) films between 20 and 100oC and the

ferroelectric hysteresis at 20oC. Yamazaki et al. [24] reported the pyroelectric coefficient

of 51/49 P(VDF-TrFE) films at room temperature. Furukawa et al. [25] examined the

ferroelectric hysteresis and dielectric constant of 52/48 P(VDF-TrFE) films between 20

and 100oC. Davis et al. [26] measured the ferroelectric hysteresis of 65/35 and 73/27

P(VDF-TrFE) films between 23 and 70oC, along with the ferroelectric to paraelectric

phase transition temperature and enthalpy change. More recently, Wong et al. [27]

studied the density, specific heat, and thermal conductivity of 70/30 and 56/44 P(VDF-

TrFE) films between -73 and 117oC.

Pyroelectric infrared detectors demand linearity and their performance has been

shown to increase by maximizing the pyroelectric coefficient and minimizing the density,

specific heat, and dielectric loss [1, 28]. For energy harvesting, several efforts have

been made to improve the efficiency and power density as well as to reduce the cost

of pyroelectric converters by replacing PZST with polymeric pyroelectric materials

[13,15,29,30]. Olsen et al. [13] reported that vacuum baking P(VDF-TrFE) helps remove

any residual solvent and improves both dielectric strength and electrical resistivity.

Kouchachvili et al. [15, 31] used a proprietary purification process for P(VDF-TrFE)

which removed approximately “0.4% of unidentifiable impurities” and increased the

electrical resistivity of the material by 35%, resulting in “nearly a three-fold increase

in energy density from 95 J/L to 279 J/L.” The authors reported phase transition

temperature, enthalpy of change of phase, and electrical resistivity for purified P(VDF-

TrFE). Vanderpool et al. [32] numerically showed the efficiency of a prototypical

pyroelectric converter [8] can be increased by reducing the product of density and specific

heat ρcp of both the pyroelectric material and the working fluid while the power density

can be increased by reducing the product ρcp of the pyroelectric material and increasing

that of the working fluid.

This work reports for the first time, to the best of our knowledge, full thermophysical

and electrical characterization of 60/40 wt.% P(VDF-TrFE) films. Properties measured

include (1) density, (2) ferroelectric to paraelectric phase transition temperature, (3)
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enthalpy of change of phase, (4) electrical resistivity, (5) ferroelectric hysteresis, as

well as (6) specific heat, (7) dielectric constant, (8) loss tangent, and (9) pyroelectric

coefficient as a function of temperature. Furthermore, this study proposes to introduce

pores into the 60/40 P(VDF-TrFE) matrix in order to reduce the density and specific

heat of the copolymer and improve its performance for infrared detection and energy

conversion. In addition, since the purification process proposed by Kouchachvili et

al. [15, 31] has shown promise for energy conversion, its effect on infrared detection is

explored here as well.

2. Experimental

2.1. Film Preparation

The following subsections detail the processes for preparing (i) dense films from

commercial P(VDF-TrFE) pellets, (ii) purified films, and (iii) porous films used in this

study. The process for all films uses the commercial copolymer of 60/40 P(VDF-TrFE),

purchased in pellet form from Chronos Research Laboratories, Inc., San Diego, CA,

USA.

2.1.1. Commercial Dense P(VDF-TrFE) Films

A custom press was utilized to form the pellets into thin films. It consisted of a

hydraulic press (model 3912 by Carver Inc., USA), a custom made hot plate, and two

steel dies. The hot plate consisted of an aluminum plate hosting a 100 W cartridge

heater. Two sheets of Kapton R© HN film were used to prevent the copolymer from

sticking to the steel dies. In addition, two slabs of concrete placed below the hot plate

and above the top die acted as thermal insulation to prevent the dies from cooling too

quickly.

The forming process began by heating the two steel dies covered with Kapton R©
HN films on the hot plate until the temperature reached 185oC. This is above the

copolymer melting temperature of 155oC. Then, a single P(VDF-TrFE) pellet, about 4

mm in length and 2 mm in diameter, was placed between the dies and transferred to the

hydraulic press where a load of ∼8,900 N (∼2,000 lbs) was applied. The temperature

was kept constant at 185oC for 2 minutes and then the hot plate was turned off. After

the temperature of the dies decreased below 70oC, the load was removed. The resulting

film was approximately 50 µm thick. Next, the film was baked in a vacuum oven

(model 1415M by Sheldon Manufacturing, Inc., USA) at 130oC and approximately 1 torr

(133 Pa) for 24 hours to remove solvents, volatile impurities, and to improve both the

dielectric strength and resistivity [13]. Then, a 10 nm thick titanium film was deposited

onto both sides of the film as an adhesion layer for the subsequent deposition of 1 µm

thick aluminum electrodes. The deposition of both metals was done by electron beam

evaporation using an evaporator model Mark 40 by CHA Industries, USA. Afterwards,

a wire was attached to the aluminum electrodes on each side of the film using copper
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tape. A type J thermocouple was also attached to the film in such a way that it was in

thermal but not in electrical contact with the electrodes.

2.1.2. Purified P(VDF-TrFE) Films

Solvent extraction was used to purify the copolymer P(VDF-TrFE) in order to reduce

internal leakage at high temperature and voltage caused by the presence of impurities.

The process was inspired from Refs. [15,31]. It began by dissolving 0.5 g of commercial

pellets of 60/40 P(VDF-TrFE) in 12 mL of methyl ethyl ketone (MEK, 99.6%, supplied

by Mallinckrodt, USA) in a small glass beaker to create a homogeneous solution. The

solution was continuously stirred at 70oC for approximately 45 minutes. When all of the

copolymer had dissolved, the temperature was increased to 140oC and the solution was

boiled for 20 minutes to increase its viscosity. Next, the viscous solution was poured

into a separatory funnel containing 100 mL of anhydrous ethanol (EtOH, supplied by

Acros Organics, Belgium). The mixture was then vigorously shaken and left to sit for

3 hours to allow copolymer particulate to precipitate and separate from the solvent.

Then, the copolymer was drained from the bottom of the separatory funnel onto filter

paper (Whatman paper filter No. 42) and approximately 3 hours were allowed for the

copolymer to precipitate as gel. The gel was thoroughly rinsed with EtOH. Then the

gel was air dried in an oven at 50oC and atmospheric pressure for 3 hours and further

air dried at room temperature in a fume hood for 3 days. The solid copolymer gel was

then cut into small pieces. Finally, the same procedure described in Section 2.1.1 was

followed to form the pieces into thin films and to deposit electrodes, wires, and attach

a thermocouple.

2.1.3. Porous P(VDF-TrFE) Films

Phase inversion is a widely used process for creating porous and nonporous polymer

membranes or thin films [33]. It allows for the controlled conversion of a polymer from

a liquid to a solid state. First, the polymer is dissolved with a suitable solvent to form

a viscous liquid solution. The conversion from liquid to solid is then achieved through

immersion precipitation [34–37]. In this process, the viscous solution is cast as a thin

film on a substrate, and then submerged in a nonsolvent (a chemical miscible with the

solvent). The solvent diffuses out of the film while the nonsolvent diffuses into the cast

film [33]. As time progresses, the exchange between the solvent and nonsolvent reaches

a point when the solution becomes thermodynamically unstable, leading to demixing

and subsequent precipitation of the polymer. The film morphology depends on the type

of demixing process that occurs. For porous films, instantaneous liquid-liquid demixing

is required [33]. In this process, the film is formed immediately after submersion in the

nonsolvent bath.

Bottino et al. [38] successfully synthesized porous thin films of PVDF using

immersion precipitation. The authors were able to make PVDF films approximately

200 µm thick with porosities between 65 and 88%. Therefore, the same technique was

used here to synthesize porous thin films of P(VDF-TrFE).
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The process began by preparing the substrate. The substrate consisted of a 2

inch silicon wafer wrapped in aluminum foil since it provided good adhesion with the

copolymer film. The synthesis process was adapted from Bottino et al. [38]. The

aluminum covered wafer was baked at 150oC for at least 10 minutes to remove moisture

and increase subsequent adhesion of the copolymer film. Next, about 0.5 g of commercial

60/40 P(VDF-TrFE) pellets were cut into small pieces to reduce dissolving time and

dissolved in ∼3.5 mL of MEK in a small glass beaker to create a 15 wt.% solution of

P(VDF-TrFE) in MEK. The mixture was heated and continuously stirred at 50oC. It

was covered with aluminum foil to reduce solvent evaporation. Once the pellets had

completely dissolved (after ∼30 minutes), the resulting viscous solution was poured

onto the wafer and spin coated at 500 rpm for 60 seconds to create an approximately

11 µm thick film using a Spincoat G3 by Speedline Technologies, USA. The wafer was

dipped into ∼80 mL of EtOH (the nonsolvent) at approximately 4oC for 30 seconds to

undergo phase inversion. Afterwards, the film was rinsed in a large beaker filled with

400 mL of EtOH acting as nonsolvent and continuously stirred at room temperature

for 48 hours to remove the remaining solvent from the film. The film was peeled off

from the aluminum foil covered wafer with tweezers, air dried in a fume hood for an

additional 24 hours, and then vacuum baked at approximately 1 torr and 130oC for

24 hours to remove any residual solvent [13]. Finally, aluminum electrodes, wires, and

a thermocouple were attached to the film using the same procedure described for the

commercial and purified films.

2.2. Characterization

Density and Porosity

The effective density of a porous film having porosity φ can be expressed as,

ρf = ρd (1− φ) + ρairφ ' ρd (1− φ) (1)

where ρf , ρd, and ρair are the densities of the porous film, the dense P(VDF-TrFE)

film, and air, respectively. Since ρd À ρair, the mass of air in the film can be neglected

compared with that of the matrix. Rearranging Equation (1) gives the porosity as,

φ =
ρd − ρf

ρd

(2)

The density of each film was determined by calculating the volume and measuring

the mass. Thickness was measured using a Dektak 6 profilometer from Veeco Metrology,

Inc., USA while the length and width of all films were measured with a caliper from

ALLTRADE, USA that had a precision of 25.4 µm. Mass measurements were made

using a model AG125 scale by Mettler Toledo, Inc., USA with a precision of 0.1 mg.

The average surface roughness was also measured as 1µm.

DSC Analysis

Differential scanning calorimetry (DSC) was performed using a Diamond DSC from

PerkinElmer, USA to determine (i) the ferroelectric to paraelectric and paraelectric
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to ferroelectric phase transition temperatures, (ii) the associated specific phase change

enthalpy ∆h, and (iii) the specific heat cp(T) of each sample as a function of temperature

T. The specific heat is defined as,

cp(T ) =
Q̇DSC

mṪ
(3)

where Q̇DSC is the heat transfer rate provided to the sample and measured by the DSC

(in W), m is the sample mass (in kg), and Ṫ = dT/dt is the heating rate expressed in
oC/s. The error bars shown in Figure 3 correspond to a 95% confidence interval.

The instrument was calibrated using an Indium standard purchased from

PerkinElmer, USA. The melting temperature at atmospheric pressure and specific phase

change enthalpy were measured to be 156.5oC and 28.19 J/g, respectively. These values

fall within 0.1% and 1.0% of the Indium data sheet, respectively. The procedure to

measure the specific heat cp was also validated using an aluminum sample. It was found

that the value of cp of aluminum was 0.919 J/g·K at 27oC, falling within 1.8% from data

reported in the literature [39].

Electrical Resistivity

Resistivity measurements for all films were performed with an electrical circuit that

consisted of (1) a high voltage power supply model PS325 from Stanford Research

Systems Inc., USA, (2) a Keithley 6512 electrometer, and (3) a capacitor with

capacitance CR = 1.0 µF in series with (4) the pyroelectric element. Note that CR

was a film capacitor with virtually zero leakage relative to the specimen (∼100 times

less) and was chosen to be much larger than Cfilm (∼1 nF). The electrometer measured

the voltage VE across capacitor CR. Resistivity measurements were conducted at a

constant temperature of 95oC such that no pyroelectric power was generated. Thus, the

measured current was equal to the leakage current. The leakage current IL, the voltage

across the pyroelectric element VPE, and the film resistivity ρR were computed as,

IL = CR
dVE

dt
, VPE = VSRS − VE, and ρR =

VEA

ILb
(4)

The thermocouple used to measure the film temperature T was calibrated by measuring,

at atmospheric pressure, the temperatures of (i) ice water, (ii) boiling water, and (iii)

air at room temperature and atmospheric pressure. The error bars shown in Figure 4

correspond to a 95% confidence interval.

Resistivity measurement began by placing a pyroelectric film with its thermocouple

on a hot plate at 95oC. The film was thermally insulated and connected to the electric

circuit. After the film temperature reached steady state, the electric field was slowly

increased at a rate of 2 MV/m·min until an electric field of 10 MV/m was applied to

the film. The voltage Vm was recorded for 230 minutes. The film was allowed to return

to room temperature before the electric field was removed.

FTIR Analysis

In order to investigate the possible presence of solvent in the film after the synthesis
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process for the porous and purified films, FTIR spectroscopy measurements were

performed using a FT/IR-420 from Jasco, Japan for wavenumbers between 400 and

4000 cm−1. Measurements were taken with a spectral resolution of 4 cm−1 and averaged

over 16 runs. The absorption coefficient is defined as,

κ = −1

b
ln

(
I

I0

)
(5)

where b is the film thickness and I/I0 is the film transmittance.

The spectral calibration of the instrument was performed with a polystyrene

calibration film purchased from PerkinElmer, USA. The absorption peaks at

wavenumbers 906.4, 1027.9, 1155.2, 1600.6, 1801.2, 1942.0, 2850.3, and 3025.8 cm−1

obtained from the instrument agree within 0.1% with the peaks reported in literature

[40].

Hysteresis Curves

The ferroelectric hysteresis behavior of each film was studied using a Sawer-Tower circuit

consisting of a (1) WaveTek 10 MHz function generator model 29, (2) a TREK model

610E high voltage amplifier, (3) a Keithley 6512 electrometer, and (4) a capacitor with

capacitance C1 = 9.6 µF connected in series with (5) the pyroelectric element. Note

that C1 was chosen to be much greater than the capacitance of the films (Cfilm ∼ 1

nF). A triangular wave, outputted by the function generator, was amplified by the high

voltage amplifier and cycled across the pyroelectric element. The electrometer measured

the voltage VE across capacitor C1. Therefore, the electric displacement D (C/m2) of

the pyroelectric material was computed as,

D =
VEC1

A
(6)

where A is the cross-sectional area of the film. Hysteresis measurements were conducted

at room temperature with the pyroelectric element placed in 3MTMFluorinertTMFC-70

dielectric fluid to minimize electrical sparks. The electric field was cycled at a frequency

of f = 0.01 Hz.

Dielectric Constant and Loss Tangent

The relative dielectric constant εr and loss tangent tanδ of each film were explored as a

function of temperature using an Agilent 4284A Precision LCR meter at a frequency of

f = 1 kHz. Pyroelectric IR detectors typically operate in this frequency range [1]. The

relative dielectric constant is given as,

εr =
CPEb

ε0A
(7)

where CPE is the capacitance measured by the LCR meter. The error bars shown in

Figure 6 correspond to a 95% confidence interval.

The calibration of the instrument was checked with a 50.8 µm thick Kapton R©
HN film. The relative dielectric constant and loss tangent were measured at room

temperature to be 3.6 and 0.0018, respectively at f = 1 kHz. These values fall within
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6.3 and 7.7% of the manufacturer’s data sheet, respectively. Measurements on the

synthesized films were taken from room temperature up to 100oC using a hot plate. To

ensure uniform temperature, the films were placed in an insulated glass beaker filled

with Dow Corning 200 R© Fluid 50 cst silicone oil. The fluid temperature was monitored

continuously. Measurements were averaged over 10 runs at each temperature.

Pyroelectric Coefficient

Pyroelectric coefficients were determined as a function of temperature for all films using

the method of charge integration [41, 42] with an electric circuit consisting of (1) an

electrometer connected in parallel with (2) the pyroelectric element and (3) a capacitor

with capacitance C1 = 9.6 µF. The pyroelectric coefficient is defined as [42],

p =

(
∂D

∂T

)

σ,E

(8)

where σ is stress and E is electric field. Experimentally, σ was kept constant by not

clamping or constraining the deformation of the films. Note that, in general, the

pyroelectric coefficient is a vector but since all samples were poled perpendicular to

the plane of the electrodes, only its magnitude is reported. In the method of charge

integration, the pyroelectric film is heated over a small temperature range (∼3oC)

around the temperature of interest while the voltage is measured by an electrometer.

Therefore, the pyroelectric coefficient is experimentally determined as,

p ≈ ∆D

∆T
=

∆VPEC1

A∆T
(9)

The error bars shown in Figure 7 correspond to a 95% confidence interval.

All films were poled before measurements were taken. The poling process was

adapted from Yamazaki et al. [24] who showed that poling under DC fields at elevated

temperatures can significantly improve the pyroelectric coefficient of P(VDF-TrFE).

Poling began by heating the films to 70oC and then applying a constant DC field of 20

MV/m for 5 minutes. Then, the temperature was slowly reduced to room temperature

when the DC field was removed. The poling temperature and time were chosen after

Yamazaki et al. [24] who established that higher temperatures and longer times did not

show further improvement in the pyroelectric coefficient.

Measurements began by heating a thermally insulated container filled with silicone

oil to the desired temperature and another one at 3oC higher. Here also the fluid was

stirred and a thermocouple was used to continuously monitor its temperature. The

P(VDF-TrFE) sample was alternately dipped from one bath to the other while the

voltage was recorded. Sufficient time was allowed for the temperature of the sample

to equilibrate with that of the fluid before transferring the sample to the other beaker.

Measurements were repeated 4 times for each temperature and averaged.
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3. Results and Discussion

The thermophysical and electrical properties of the synthesized commercial, purified,

and porous P(VDF-TrFE) thin films are presented in the following subsections.

Properties characterized include (1) density, (2) ferroelectric to paraelectric phase

transition temperature, (3) enthalpy of change of phase, (4) electrical resistivity, (5)

ferroelectric hysteresis, as well as (6) specific heat, (7) dielectric constant, (8) loss

tangent, and (9) pyroelectric coefficient as a function of temperature. All properties

measured for each type of film at different temperatures are summarized in Table 1.

Table 1. Summary of all measured properties for commercial, purified, and porous φ

= 33% 60/40 P(VDF-TrFE) thin films.

Material T cp εr tanδ p ×10−5 εr ρ Tfp Tpf ∆hfp ∆hpf ρR ×1010

(1 kHz) (1 kHz) (0.01 Hz) (23oC) (95oC)
oC J/g·K - - C/m2·K - kg/m3 oC oC J/g J/g Ω·m
25 1.70 17.9 0.041 4.50

40 1.79 29.7 0.047 7.27

50 1.88 37.7 0.045 14.33

60 2.16 88.5 0.042 11.76

Commercial 65 3.81 96.8 0.032 6.62 28.8 1879 65.7 59.7 8.9 8.4 5.41

70 2.16 89.9 0.026 2.48

80 2.05 78.4 0.027 0

90 2.05 67.2 0.030 -

100 2.08 57.9 0.037 -

25 1.44 19.4 0.042 5.09

40 1.51 27.7 0.051 9.94

50 1.58 33.6 0.055 14.77

65 2.98 76.2 0.046 4.49
Purified

70 1.76 83.8 0.037 0
28.8 1575 65.1 59.8 6.3 6.2 2.06

80 1.66 71.0 0.028 -

90 1.67 61.2 0.006 -

100 1.76 52.0 0.010 -

25 1.47 19.5 0.039 4.30

40 1.56 29.6 0.047 6.64

50 1.65 39.0 0.049 10.63

60 1.89 68.9 0.050 3.47

Porous, 65 2.42 77.6 0.039 0 39.9 1251 66.9 60.3 7.3 6.9 0.75

φ = 33% 70 2.13 76.3 0.011 -

80 1.78 66.9 0.052 -

90 1.80 60.3 0.017 -

100 1.85 53.4 0.022 -

3.1. Density and Porosity

The density of the dense commercial P(VDF-TrFE) films was experimentally determined

to be ρd = 1879±39 kg/m3 with a 95% confidence interval. This value is reasonable

considering that a 70/30 P(VDF-TrFE) film was reported to have a density of 1917

kg/m3 [27]. The purified films had a density of ρd = 1575±30 kg/m3 with a 95%

confidence interval. The smaller density of the purified films may suggest a porous

structure with a porosity of φ = 16% ±4%. To explore the presence of pores or voids

in the purified films, scanning electron microscope (SEM) images are presented in the

following section. The density of the porous films was calculated to be ρf = 1251±64

kg/m3 with a 95% confidence interval. Thus, the porosity of porous films made from a
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15 wt.% solution of P(VDF-TrFE) in MEK was φ = 33% ±7%. Note that for the given

solvent, nonsolvent, and copolymer, the porosity of the porous films did not vary by

changing the experimental conditions. In general, porosity can be varied by changing

the type of solvent and/or nonsolvent used in the phase inversion process. However, the

choice of solvent and nonsolvent also affects the pore morphology which can strongly

influence the electrical properties of the resulting films. Therefore, a systematic study

of the affect of porosity on the thermal and electrical properties of the porous films was

not possible.

3.2. SEM Micrographs

SEM images of the commercial, purified, and porous films were taken using a JSM-

6700F field emission SEM from JEOL, Japan. Figure 1a depicts the microstructure of

the dense commercial film, showing a smooth surface with no voids or cavities. An SEM

image of the purified film is shown in Figure 1b. It reveals the presence of small voids

approximately 10 to 20 nm in width. As a result, the purification process creates a

porous P(VDF-TrFE) structure. Finally, Figure 1c illustrates the pore morphology and

structure for a porous film with a porosity of 33%. The pores have an average diameter

of 2.2 µm with a standard deviation of 0.8 µm. Note that the average pore diameter

reported is based on measurements made on the top surface of the film and serves only

as an approximation to the actual pore size.

3.3. DSC Measurements

Phase Transition Temperatures

DSC measurements were performed on unpoled samples. Figure 2 plots the heat transfer

rate per unit mass Q̇DSC/m as a function of temperature T . Each film was heated from

30 to 100oC at a rate of 10oC/min. During heating, the heat transfer rate Q̇DSC/m

exhibited peaks for the commercial, purified, and porous films at 65.7, 65.1, and 66.9oC,

respectively. These peaks represent the ferroelectric to paraelectric phase transition

of each material. Similarly, each film was then cooled from 100 to 30oC at a rate of

10oC/min. During cooling, the commercial, purified, and porous films exhibited peaks at

59.7, 59.8, and 60.3oC, respectively. The peaks represent the paraelectric to ferroelectric

phase transition. In addition, Figure 2 reveals that (1) the ferroelectric to paraelectric

phase transition upon heating occurred at a higher temperature than the paraelectric

to ferroelectric phase transition upon cooling and (2) both transitions occurred over a

relatively wide temperature range.

The average start Tstart and end Tend temperatures of both phase transitions,

along with the peak temperature Tpeak are also shown in Figure 2. The ferroelectric

to paraelectric phase transition temperature was nearly the same for all films with an

average value of 65.9oC. Likewise, the para- to ferroelectric phase transition temperature

was about the same for all films with an average value of 59.9oC. Both phase transition

temperature ranges (Tstart − Tend) for all films were about the same with an average
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1 µm 

(a) 

(b) 

(c) 

100 nm 

100 nm 

Figure 1. SEM images of (a) commercial, (b) purified, and (c) porous (φ = 33%)
60/40 P(VDF-TrFE) thin films.

value of 22.4oC. This establishes that neither purification nor the presence of pores in

the matrix have a large impact on the phase transition peak temperatures or temperature

ranges.

Specific Phase Change Enthalpy

The ferro- to paraelectric phase change enthalpy ∆hfp was 8.9, 6.3, and 7.3 J/g for

the commercial, purified, and porous films, respectively. The corresponding para- to

ferroelectric phase change enthalpy ∆hpf was 8.4, 6.2, 6.9 J/g, respectively. In other

words, the purified and porous films had a phase change enthalpy approximately 28 and
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Figure 2. Heat transfer rate per unit mass Q̇DSC/m versus temperature for
commercial, purified, and porous (φ = 33%) 60/40 P(VDF-TrFE) thin films.

18% lower than that of the commercial films, respectively. The phase change enthalpy

is related to the size of the ferroelectric phase in the film. A larger value implies the

presence of a larger ferroelectric phase. Kouchachvili et al. [15] reported ∆hfp of 4.6 and

7.1 J/g for commercial and purified 60/40 P(VDF-TrFE) films, respectively. Note that

the authors did not perform the vacuum bake out recommended by Olsen et al. [13].

Specific Heat

Figure 3 plots the specific heat cp(T) as a function of temperature T. It was measured

by heating each film from 30 to 100oC, followed by cooling from 100 to 30oC. Each

film exhibited a peak in cp at the phase transition temperatures measured by the DSC.

The specific heat of the purified and porous films was approximately 14.9 and 12.0%

lower than that of the commercial films, respectively. Data for 55/45 [23], 56/44, and

70/30 [27] P(VDF-TrFE) films are also presented for comparison. Note that the ferro- to

paraelectric phase transition shifts to higher temperature for the 70/30 P(VDF-TrFE)

film. The effective specific heat of the porous films is in good agreement with the

following expression,

cp,porous(T ) = (1− φ)cp,d(T ) + cp,airφ (10)

where cp,d and cp,air are the specific heat of the dense phase and air, respectively.

If one considered cp,d(T ) measured for the commercial films for all temperatures and

cp,air = 1.008 J/g·K at 77oC [39], Equation (10) predicts the experimental data for the

porous films within 6.3% for temperatures below and above the ferro- to paraelectric and

para- to ferroelectric phase transitions. Equation (10) was also applied to the purified
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Figure 3. Specific heat versus temperature for commercial, purified, and porous (φ
= 33%) 60/40 and 55/44 [23], 56/44, and 70/30 [27] P(VDF-TrFE) thin films.

films that had a porosity of 16% and the predicted cp was within 18.3% of the measured

data.

3.4. Electrical Resistivity

Figure 4 plots the resistivity of each film as a function of time measured at 95oC and 10

MV/m. It shows that the commercial films have the highest resistivity followed by the

purified and porous (φ = 33%) films. In the first 15 minutes, the resistivity of all films

increased rapidly by approximately a factor of 2.0, 4.3, and 3.1 for the commercial,

purified, and porous films, respectively. After 100 minutes, the resistivity of these

films increased respectively at an average rate of approximately 47.8 MΩ·m/min, 40.9

MΩ·m/min, and 6.7 MΩ·m/min. Finally after 230 minutes, their resistivity reached

5.41, 2.06, and 0.75×1010 Ω·m, respectively. A possible mechanism for the observed

increase in resistivity over time is the accumulation of ionic charge carriers under the

electrodes which would cancel the electric field within the film and reduce the leakage

current.

Kouchachvili et al. [15] reported a resistivity of 0.57 and 1.02×1012 Ω·m after

90 minutes for commercial and purified 60/40 P(VDF-TrFE) films, respectively. The

measured resistivity in this study at 90 minutes for the commercial and purified films

was 4.70 and 1.45×1010 Ω·m, respectively. Consequently, the results for the purified

films shown in Figure 4 contradict results reported by Kouchachvili et al. [15]. Indeed,

the authors claimed a 35% increase in resistivity for the purified films compared with

the commercial films. Note that they did not use an electrometer which can affect
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Figure 4. Resistivity versus time at 95oC and 10 MV/m for the commercial, purified,
and porous (φ = 33%) 60/40 P(VDF-TrFE) thin films.

the accuracy of their measurements. It remains unclear how “approximately 0.4% of

unidentifiable impurities” were removed [15] if one does not have specific knowledge

about these impurities. One possibility for the reduction in resistivity measured for

the purified films could be the presence of MEK solvent in the films. To explore this,

FTIR spectroscopy measurements were performed to determine if solvent remained in

the purified and porous films after synthesis. No observable trace of residual solvent was

seen. Another explanation for the reduced resistivity of both the purified and porous

films is due to the presence of pores in the films as shown in Figure 1. The interface

between the matrix and pores creates electric field gradients in the surrounding area

near the pores. As a result, the field is concentrated in regions between pores and the

film can locally experience fields larger than the applied field. This argument supports

the results in Figure 4. The purified films with a porosity of 16% and pore size of about

15 nm had a larger resistivity than the porous films with porosity of 33% and pore size

of 2 µm.

3.5. Hysteresis Curves

Figure 5a plots the electric displacement versus applied electric field of the purified films.

At f = 0.01 Hz, the top and bottom of the loop are rounded indicating the presence

of resistive losses caused by current leakage through the films during the measurement.

Indeed, at a higher frequency of 0.1 Hz, the top and bottom of the loop are no longer

rounded. To account for leakage at lower frequencies, the electric displacement due to
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Figure 5. Electric displacement versus applied electric field for (a) purified films as a
function of frequency and (b) corrected for leakage at 0.01 Hz for commercial, purified,
and porous (φ = 33%) 60/40 P(VDF-TrFE) thin films. Data for 65/35 and 73/27
P(VDF-TrFE) at 0.0167 Hz [26] is also included.

resistive losses DL can be calculated using Ohm’s Law as,

DL(t) =

t∫

0

E(τ)b

R
dτ (11)

where τ is an integration variable. Applying Equation (11) to the experimental data at

f = 0.01 Hz produces the “0.01 Hz corrected” loop shown in Figure 5a which matches

very well with the measurement at f = 0.1 Hz. As a result, the resistive losses in the

copolymer are linear and obey Ohm’s Law.
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Figure 5b plots the ferroelectric hysteresis behavior at f = 0.01 Hz for the

commercial, purified, and porous P(VDF-TrFE) thin films where Equation (11) was

used to correct for resistive losses. Data for 65/35 and 73/27 P(VDF-TrFE) films are

also included from Davis et al. [26] at f = 0.0167 Hz. The room temperature hysteresis

curves for all films are similar to each other. The figure reveals that the commercial,

purified, and porous films have about the same coercive field of Ec = 30.5 MV/m,

indicating that neither purification nor the presence of pores in the matrix have a large

effect on Ec. Furthermore, the purified and porous films exhibit larger polarization than

that of the commercial films as seen by the greater maximum electric displacement D

in Figure 5b. In addition, the relative dielectric constant εr at f = 0.01 Hz and room

temperature was determined by calculating the slope of each curve in Figure 5b as,

εr =
1

ε0

(
∂D

∂E

)

σ,T

(12)

where ε0 is the vacuum permittivity equal to 8.854×10−12 F/m. The relative dielectric

constants of the commercial and purified films, computed using Equation (12) in the

saturation region, were about the same with an average value of εr = 28.8 while that

for the porous films was εr = 39.9.

3.6. Dielectric Constant and Loss Tangent

Figure 6 plots the relative dielectric constant εr and loss tangent tanδ of each film

as a function of temperature at f = 1 kHz from room temperature to 100oC. Note

that error bars for some data points are smaller than the size of data markers and

are not visible in the figure. At room temperature, the commercial films had εr =

17.9 which is comparable to 18 reported by Lang et al. [1] for dense 50/50 P(VDF-

TrFE) while for the purified and porous films, εr = 19.4 and 19.5, respectively. As a

result, εr for the commercial, purified, and porous films was about 38, 33, and 51%

less, respectively than that determined from the slope of each curve in Figure 5b at

0.01 Hz. Therefore, εr decreases as frequency increases for all films. The relative

dielectric constant of the commercial, purified, and porous films increased as function of

temperature and exhibited peaks of 96.8, 83.8, and 77.6 at temperature 65.5, 70.1, and

64.6oC, respectively. These temperatures agree well with those associated with the peaks

of the ferroelectric to paraelectric phase transition seen in Figure 2. As temperature

was further increased, εr began to decrease for all films. The trend and magnitude in

εr agrees well with data for 52/48 [25] and 55/45 [23] P(VDF-TrFE) films.

The loss tangent of the commercial films at room temperature was 0.041 which

is reasonable considering that dense 50/50 P(VDF-TrFE) was reported to have tanδ

= 0.035 [1] at f = 1 kHz. The loss tangent of the commercial, purified, and porous

films increased as a function of temperature up to an inflection point around 65.5, 70.1,

and 64.6oC, respectively. These temperatures are identical to those when εr reaches a

maximum. Beyond this inflection point, tanδ increases with temperature to reach 0.037,

0.073, and 0.129 for the commercial, purified, and porous films, respectively.
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Figure 6. (a) Relative dielectric constant and (b) loss tangent versus temperature at
1 kHz for commercial, purified, and porous (φ = 33%) 60/40 P(VDF-TrFE) thin films.
Results for 52/48 [25] and 55/45 [23] P(VDF-TrFE) are also included.

3.7. Pyroelectric Coefficient

Figure 7 plots the pyroelectric coefficient p as a function of temperature for the three

types of films. At room temperature, p for the commercial, purified, and porous

films was 4.5, 5.1, and 4.3×10−5 C/m2·K, respectively. For the commercial films, the

measured value of p is comparable to 4.0×10−5 C/m2·K for dense 50/50 P(VDF-TrFE)

reported by Lang et al. [1]. Figure 7 shows that the pyroelectric coefficient of the

commercial, purified, and porous films increases as a function of temperature and all

films exhibited peaks of 1.4, 2.1, and 1.2×10−4 C/m2·K around 50oC, respectively. The
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Figure 7. Pyroelectric coefficient versus temperature for commercial, purified, and
porous (φ = 33%) 60/40 P(VDF-TrFE) thin films. Results for 50/50 and 80/20
P(VDF-TrFE) are also included from Ref. [1].

peak temperature agrees well with the start of the ferroelectric to paraelectric phase

transition shown in Figure 2. For higher temperatures, the pyroelectric coefficient

rapidly decreased. Indeed, the films lose their polarization as they are heated through

the phase transition. Furthermore, Figure 7 shows that the purified films had the largest

pyroelectric coefficients while the porous films had the smallest ones.

3.8. Figures of Merit

Different figures of merit (FOM) exist to assess the performance of pyroelectric materials

depending on the application considered. For infrared detectors, the (1) voltage FV , (2)

current FI , and (3) noise FD figures of merit are defined as [1],

FV =
p

ρcpε0εr

, FI =
p

ρcp

, and FD =
p

ρcp

√
ε0εrtanδ

(13)

FV gives a measure of the ratio of the output voltage response of the detector to the

input power defined as the radiation incident on the surface of the detector. Likewise, FI

represents the pyroelectric current generated per watt of input power. The third figure of

merit, FD, quantifies electrical noise caused by thermal energy (Johnson noise), usually

the primary source of noise in pyroelectric infrared detectors [1].

For energy harvesting, two figures of merit have been proposed, namely FE [19] and

k2 defined as [20],

FE =
p2

ε0εr

, and k2 =
p2Thot

ρcpε0εr

(14)
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where Thot is the temperature of the hot source. FE represents how much electrical power

a pyroelectric material can harvest from the hot source while k2 is a dimensionless

electrothermal coupling factor that represents how effectively a pyroelectric material

converts thermal energy into electrical energy.

Infrared Detection

Figure 8a plots the voltage figure of merit FV as a function of temperature for each

film. Note that FV and FD were computed using the dielectric constant measured in

Section 3.6 since pyroelectric infrared detectors typically operate near 1 kHz [1]. In

addition, for the computation of all figures of merit, the density was assumed to be

constant and equal to the value measured at room temperature. At 25oC, FV for the

commercial, purified, and porous films was 0.09, 0.13, and 0.14 m2/C, respectively.

This corresponds to an increase by 47.0 and 52.8% for the purified and porous films,

respectively compared with that of the commercial films. The improved performance

of the purified films was due to its higher pyroelectric coefficient and smaller value

of ρcp. The reduction in ρcp for the porous films was responsible for the increase in

FV . For comparison, FV for 50/50 and 80/20 P(VDF-TrFE) films was 0.11 and 0.22

m2/C, respectively at room temperature [1]. Note that the authors used ρcp of PVDF

(2.3×106 J/m3·K) for their computations, however, ρcp of P(VDF-TrFE) can be much

larger, reducing FV . For example, ρcp = 3.2×106 J/m3·K at room temperature for the

commercial 60/40 P(VDF-TrFE) films. As temperature increased to 40oC, FV decreased

for the commercial and purified films since cpεr increased at a faster rate than p. With

further increase in temperature, FV increased for the commercial, purified, and porous

films which exhibited peaks of 0.12, 0.20, 0.16 m2/C around 50oC, respectively.

Figure 8b plots the current figure of merit FI as a function of temperature for each

film. At room temperature, FI for the commercial, purified, and porous films was 1.41,

2.25, and 2.34×10−11 m/V, respectively. Thus, FI for the purified and porous films was

59.6 and 66.3% greater, respectively than that of the commercial films. For 50/50 and

80/20 P(VDF-TrFE) films, FI was reported to be 1.7 and 1.3×10−11 m/V, respectively

at room temperature [1]. As temperature increased, FI increased for all films and peaks

of 4.05, 5.95, and 5.56×10−11 m/V existed around 50oC for the commercial, purified,

and porous films, respectively.

Figure 8c plots the noise figure of merit FD as a function of temperature for each

film. At room temperature, FD for the commercial, purified, and porous films was 5.53,

8.38, and 8.99×10−6 Pa−1/2, respectively. Therefore, FD for the purified and porous films

was 51.6 and 62.6% greater, respectively than that of the commercial films signifying

a reduction in noise when used for infrared detection. The results are comparable to

7.4 and 14×10−6 Pa−1/2 for 50/50 and 80/20 P(VDF-TrFE) films, respectively at room

temperature [1]. FD increased as a function of temperature and peaks of 1.05, 1.47, and

1.35×10−5 Pa−1/2 were apparent around 50oC for the commercial, purified, and porous

films, respectively.
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Figure 8. (a) Voltage, (b) current, and (c) noise figure of merit for infrared detection
as a function of temperature for commercial, purified, and porous (φ = 33%) 60/40
P(VDF-TrFE) thin films. Results for 50/50 and 80/20 P(VDF-TrFE) are also included
from Ref. [1].
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Energy Harvesting

The figure of merit FE and the factor k2 were computed near room temperature where

material behavior is linear. The dielectric constant measured at low frequency reported

in Section 3.5 was used. For the commercial, purified, and porous films, FE was 7.93,

10.17, and 5.24 J/m3·K2, respectively. For the purified films, FE was greater than that

of the commercial films due to its larger pyroelectric coefficient. However, FE for the

porous films was smaller than for the commercial films due to its smaller pyroelectric

coefficient.

The factor k2 near room temperature was 0.93, 1.68, and 1.06×10−3 for the

commercial, purified, and porous films, respectively. Note that Thot was chosen as 100oC

since energy conversion with P(VDF-TrFE) focuses on low temperature waste heat

and leakage current can become significant at higher temperatures. For the purified

and porous films, k2 was 80.7 and 14.8% greater than that of the commercial films,

respectively. The improvement was due to the reduction in heat capacity ρcp and to

the larger pyroelectric coefficient of the purified films. The results suggest that energy

harvesting achieved with purified and porous films can be more efficient than with the

commercial films.

4. Conclusion

This work aimed at characterizing the electrical and thermophysical properties of 60/40

P(VDF-TrFE) to help achieve higher performance for pyroelectric IR detectors and

energy harvesting devices. Commercial, purified, and porous P(VDF-TrFE) films were

prepared and characterized. It was established that:

(i) the peak temperature during the ferro- to paraelectric and para- to ferroelectric

phase transition was around 65.9 and 59.9oC, respectively for all films. This

established that neither purification or the presence of pores in the matrix had

a large affect on the phase transition temperatures,

(ii) the ferro- to paraelectric and para- to ferroelectric phase transition took place over

a temperature range nearly the same for all films and equal to 22.6oC between 53.3

and 75.9oC and 22.3oC between 43.4 and 65.7oC, respectively,

(iii) the phase change enthalpy during the ferro- to paraelectric and para- to ferroelectric

phase transitions for purified and porous films was about 28 and 18% lower than

that of the commercial films, respectively,

(iv) the specific heat of the porous and purified films was comparable to one another

and smaller than that of the commercial films,

(v) electrical resistivity measurements determined that the commercial films had the

highest resistivity (5.41×1010 Ω·m), followed by the purified (2.06×1010 Ω·m) and

then porous films (0.75×1010 Ω·m). The lower resistivity of the purified and

porous films can be attributed to the presence of pores in both films which creates

nonuniform electric fields in the films,
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(vi) the ferroelectric hysteresis curves established that all films had about the same

coercive field of Ec = 30.5 MV/m. Moreover, the purified and porous films exhibited

larger polarization than the commercial films,

(vii) At room temperature, the pyroelectric coefficient for the commercial, purified, and

porous films was 4.5, 5.1, and 4.3×10−5 C/m2·K, respectively. The pyroelectric

coefficient for all films reached a maximum at 50oC corresponding to the start of

the ferro- to paraelectric phase transition,

(viii) for all temperatures below the start of the phase transition, the purified films had

the largest pyroelectric coefficients that were on average about 32% greater than

that of the commercial films while the porous films had the smallest values,

(ix) the figures of merit for infrared detection FV , FI , and FD were improved by 47.0,

59.6, and 51.6%, respectively for the purified films. The porous films with φ = 33%

showed an improvement of 52.8, 66.3, and 62.6%, respectively,

(x) The electrothermal coupling factor k2 for the purified and porous films was 80.7

and 14.8% greater, respectively, than that of the commercial films. This suggests

that purified and porous films can harvest waste heat more efficiently.

The results indicate that porosity reduced the heat capacity ρcp which improved the

thermal response of the films; however, it also reduced the electrical resistivity and

pyroelectric coefficient. Thus, porosity can be tuned to achieve the optimum response

for a given application. Future work should focus on the molecular structure and

constitutive ferroelectric modeling of each type of film to better understand the material

behavior. Furthermore, the energy harvesting FOMs were developed assuming linear

material behavior subjected to small temperature and voltage changes. To maximize the

energy harvested, large changes in displacement are necessary which result in nonlinear

behavior. Thus, there is a need to develop new FOMs to account for non-linear effects

and phase transitions.
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Appendix

Nomenclature

A surface area of pyroelectric element, m2
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b thickness of pyroelectric element, m

cp specific heat, J/g·K
C capacitance, F

D electric displacement, C/m2

DL electric displacement associated with resistive losses, C/m2

E electric field, V/m

Ec coercive field, V/m

f frequency, Hz

FD noise figure of merit, Pa−1/2

FE energy harvesting figure of merit, J/m3·K2

FI current figure of merit, m/V

FV voltage figure of merit, m2/C

h enthalpy of change of phase, J/g

I/I0 film transmittance

IL leakage current, A

k2 electrothermal coupling factor

L length of pyroelectric element, m

m mass, kg

p pyroelectric coefficient, C/m2·K
Q̇DSC heat transfer rate measured by DSC, W

RD resistance used to measure resistivity, Ω

t time, s

tanδ loss tangent

T temperature, oC or K

Ṫ heating rate, oC/s

VE voltage measured by electrometer, V

Vm voltage measured by multimeter, V

VSRS voltage output from the high voltage power supply, V

W width of pyroelectric element, m

Greek symbols

ε0 vacuum permittivity, F/m

εr relative dielectric constant

φ porosity

κ absorption coefficient, cm−1

ρ density, kg/m3

ρR electrical resistivity, Ω·m
σ mechanical stress, Pa

τ integration variable, s

Subscripts

air refers to air

d refers to dense film

end refers to end of phase transition
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f refers to porous film

fp refers to ferroelectric to paraelectric phase transition

hot refers to hot source

pf refers to paraelectric to ferroelectric phase transition

peak refers to peak of phase transition

PE refers to pyroelectric element

start refers to start of phase transition
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