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Polymer-based pyroelectric thin films are crucial functional materials at the core of flexible and lightweight electronic devices, such18

as wearable monitoring sensors, energy harvesters, and infrared detectors. Nevertheless, the pyroelectric properties of the polymer19

films, such as poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)), vanish when the surrounding temperature exceeds the20

ferroelectric-to-paraelectric transition temperature, and thus limits their pyroelectric performance to a low-temperature range. Herein,21

we propose to mitigate this issue by employing a new class of P(VDF-TrFE) copolymer which has a low TrFE molar content. Fine22

tuning of the structure through thermal annealing in a vacuum environment significantly favors robust and highly polarized polymer23

films with a large area. Electric poling combined with an optimal annealing temperature (110-120 ◦C) gives highly ordered ferroelec-24

tric crystalline domains in the polymer films. Consequently, this remarkably broadens the temperature range (roughly up to 140 ◦C)25

for which the polymer film still presents high pyroelectric properties (pyroelectric coefficient 50 µC/(m2K)). This study provides an26

alternative choice for pyroelectric polymer films with enhanced pyroelecticity in applications that require wider temperature ranges.27

1 Introduction28

Thin films of pyroelectric polymers such as poly(vinylidene fluoride) (PVDF) and its copolymers [1, 2]29

and terpolymers [3–5] have attracted much attention due to their flexibility, printability, and cost-effectiveness30

in contrast to inorganic ceramics like lead zirconate titanate (PZT) and barium titanate (BaTiO3) [6].31

They are widely used in energy harvesting [7–10], electric sensors [11–13], and hold great promise in the32

manufacturing of lightweight, flexible, and wearable electronic devices. One striking example is infrared33
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imaging using pyroelectric polymer detector arrays, which can be prepared inexpensively by printing34

very thin layers of polymer over a large area [14, 15]. Unlike photoelectric detectors, the detectivity of35

PVDF-based polymer thermal/infrared detectors does not depend on the wavelength of the incident ra-36

diation, as long as the radiation is absorbed and converted to electric signals [16, 17]. However, the con-37

version efficiency from heat to electricity in PVDF-based polymer detectors often remains relatively low,38

resulting in poor signal to noise ratio. Furthermore, the low transition temperature from the ferroelec-39

tric to paraelectric phases in the PVDF-based polymer films often limits the applicable temperature of40

infrared detectors [18, 19] to low values, particularly in cooling-free applications. These constraints sig-41

nificantly restrict the performance of the detectors.42

At the macromolecular level, the pyroelectric properties of PVDF-based polymers originate from the43

strong dipole due to the difference in electronegativity of the hydrogen and the fluorine atoms across44

the backbone [6]. There are several crystalline phases that have been proposed for the semi-crystalline45

PVDF polymers [6, 20, 21]. The non-polar α phase with TGTG’ chain conformation is the most ther-46

mally stable phase in PVDF polymer. In contrast, the polar β phase, characterized by an all-trans (TTTT )47

planar-zigzag chain conformation, is the primary phase that imparts permanent dipoles contributing to48

the ferroelectricity of the polymer [22]. Chemically introducing a co-monomer, such as trifluoroethylene49

(TrFE), with certain molar ratios into PVDF polymer can result in a shift in polymer crystallization50

that favors a more highly polar β phase due to asymmetric stretching on the chain backbone [23]. Nev-51

ertheless, the polar β phase undergoes a ferroelectric-to-paraelectric transition when the temperature ex-52

ceeds a critical value (Curie temperature). This phase transition temperature is highly dependent on the53

TrFE content [24, 25] and can therefore be tuned, ranging from 50 ◦C for P(VDF-TrFE) 50/50 to 13554

◦C for P(VDF-TrFE) 80/20 molar ratios [26–29]. However, adding less TrFE may lead to a reduction in55

the pyroelectric properties of the polymer film [26]. The challenge lies in determining how to enhance56

the pyroelectric properties of the P(VDF-TrFE) copolymer while expanding the temperature range over57

which pyroelectricity is sustained through proper processing treatments.58

There are various processing approaches that have been suggested to improve the pyroelectric proper-59

ties of PVDF-based polymer thin films, including the use of solvents with high dipole moment [30–32],60

purifying the polymer using solvent extraction [27], thermal annealing under optimized temperature con-61

ditions [1, 4], and electric poling over the coercive field [33]. Among these, thermal annealing and elec-62

tric poling are considered as the most effective processes for modifying the crystalline structure of poly-63

mer films, and consequently, enhancing their pyroelectric performance. Thermal annealing provides poly-64

mer chains with the mobility required for crystalline lamellae thickening, thereby altering the crystalline65

structure and size. Meanwhile, electric poling enables the alignment of the dipoles in the crystalline do-66

mains that lead to polarization in the films (Figure 1a). Heating the polymer film during electric poling67

2



has been shown to enhance the pyroelectric coefficient [34, 35]. However, early electric breakdown [36]68

during the electric polarization often occurs thus limiting device reliability. The polarization failure is69

attributed to the presence of impurities and/or air bubbles, even in minute quantities, in the polymer70

films, thus making the poling of large area films more challenging [14, 37]. Navid et al. [27] purified the71

polymer solution using solvent extraction to reduce the effect of impurities and obtained a higher po-72

larization compared to the control experiment, resulting in a pyroelectric coefficient of 50.9 µC/(m2K)73

and a dielectric constant of 19.4 at 1 kHz; however, the purification process is complicated and time-74

consuming. California et al. [38] studied the effect of solvent evaporation rate on the preparation of poly-75

mer thin films and concluded that a high evaporation rate does not necessarily lead to improved crys-76

talline properties; however, it might result in low porosity in the films, which is beneficial for reducing77

electric breakdown [36]. Spampinato et al. [1] reduced the annealing time from a few hours to tens of78

minutes at an optimal temperature, consequently achieving a remanent polarization of 8.9 µC/cm2; yet,79

the pyroelectric coefficient is not reported. Despite extensive efforts to enhance pyroelectricity, most of80

the focus has been on the P(VDF-TrFE) copolymers with a low Curie transition temperature (Tc < 11081

◦C). To our knowledge, pyroelectric polymers with a higher ferroelectric-to-paraelectric transition tem-82

perature have not been reported. The extent to which processing, such as annealing conditions and po-83

larization, in the preparation of pyroelectric sensors or detectors alters and extends the phase transition84

temperature while enhancing pyroelectricity remains unknown.85

In this work, we report and explicitly characterize a pyroelectric copolymer with a lower molar content86

of TrFE in a P(VDF-TrFE) copolymer, wherein the ferroelectric-to-paraelectric transition temperature87

can be extended close to the melting regime through optimized processing. The copolymer films are an-88

nealed in vacuum to promote the thickening and densification of the crystalline lamellae. Robust and89

highly polarized polymer films with a large area are achieved by simple electric poling at room temper-90

ature. The polymer film can maintain high pyroelectric features and low dielectric loss up to the melt-91

ing temperature (approximately 140 ◦C). This significant extension broadens the applicable tempera-92

ture range of the polymer for various applications. A combination of various characterizations allows the93

monitoring of the evolution of the degree of crystallinity, the ferroelectric phase content, and the dielec-94

tric properties of the copolymer, and reveals that simply combining thermal annealing in vacuum and95

electric poling at room temperature can result in an excellent pyroelectric performance of the detector.96

We also develop a straightforward measurement set-up to determine the response to thermal variation97

for the detector. Our study offers an alternative choice of P(VDF-TrFE) copolymers for the design of98

thermal/infrared detectors that require a wide applicable temperature range.99
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Figure 1: Pyroelectric devices and pyroelectricity measurement. a, Schematic of a sandwich-structured device

and the electric poling process. The dipoles are aligned along the direction of the electric field when a voltage higher than

the coercive field is applied. This converts the non-polar α phase into the polar β phase. b, An example of a flexible sen-

sor array prepared fully by printing. c, Experimental setup for pyroelectric coefficient measurement. The input thermal

signal is well controlled by a Peltier and a temperature-controlled stage. The temperature is measured by thermocouples

and an infrared camera. Spontaneous pyroelectric current is measured by a semiconductor analyzer. d, Temperature and

pyroelectric current. The contactless measurement of temperature using the infrared camera yields consistent results with

the thermocouples and allows to check for the homogeneity of the temperature across the sample area. The pyroelectric

current Ip exhibits no phase lag with respect to the temperature change rate dT/dt over time. The pyroelectric coefficient

can be measured by the slope of Ip versus AdT
dt , where A is the surface area. e, Thermal images captured by the infrared

camera. A homogeneous temperature field is observed across the large area device (roughly 2 cm × 2 cm). Dashed frames

indicate the boundary of PEDOT:PSS electrode. The bright spot corresponds to the silver paste (different colors due to

the different emissivity). Scale bar: 10 mm.

4



2 Results and discussion100

2.1 Thin film preparation and pyroelectricity characterization101

A thin active pyroelectric layer of P(VDF-TrFE) copolymer, with a proportion of 83% VDF and 17%102

TrFE (confirmed by NMR, Figure S1, Supporting Information), was deposited onto an ITO-coated glass103

or an ITO-coated flexible polyethylene terephthalate (PET) substrate by using a Doctor Blade technique104

[39, 40] or screen printing [41] (Experimental section, Figure S2 in Supporting Information). The pro-105

cessing conditions of P(VDF-TrFE) films are known to significantly influence the formation and nature106

of the crystallites within the polymer, thus determining the final pyroelectric performance of the device107

[4, 30, 36]. Post thermal annealing is one of the essential steps in processing. Proper annealing treat-108

ment can modify the morphology of the P(VDF-TrFE) layer, changing it from a smooth surface to rod-109

like grains (Figure S3, Supporting Information), often leading to enhanced ferroelectric properties. Here,110

contrary to the traditional annealing approach [1, 2, 30], we initially pre-dried the P(VDF-TrFE) liquid111

film in a vacuum chamber at room temperature for 20 minutes. This process eliminates the air bubbles112

trapped within the liquid films and reduces potential defects [36]. The film was then dried and annealed113

in a vacuum oven, with the temperature pre-set to the desired value (Figure S2, Supporting Informa-114

tion). The films annealed under vacuum exhibit rod-like crystalline structures compared to those an-115

nealed under ambient pressure (Figure S3, Supporting Information). A layer of conductive polymer ink116

poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) was thereafter printed on top of117

the P(VDF-TrFE) layer as the top electrode (Figure 1a,b and Figure S2). Scanning electron microscopy118

(SEM) images confirmed the sandwich-like structure of the device (Figure S4, Supporting Information).119

To determine the pyroelectricity of the P(VDF-TrFE) polymer layer, the capacitor-like device was peri-120

odically heated and cooled using a home-made setup, consisting of a Peltier and a cooling block (Figure121

1c, Figure S5 in Supporting Information). The temperature of the device was measured both by thermo-122

couples that adhered to the device and a contactless approach using an infrared camera [13]. The pyro-123

electric current generated was measured spontaneously in short-circuit conditions using a semiconductor124

device analyzer with a current resolution of picoamperes (pA). In contrast to the charge measurement125

for determining pyroelectricity [42], our current measurement approach is faster and significantly less126

susceptible to drift. The pyroelectric coefficient can be directly obtained from the measurements of the127

temperature and the current (Figure 1d, details in Experimental Section). Infrared images (Figure 1e)128

confirm the temperature homogeneity of the device during both heating and cooling phases. The uni-129

form temperature field therefore rules out the presence of mechanical stresses that result from tempera-130

ture gradients within the polymer film [14]. Furthermore, the P(VDF-TrFE) layer has a small thickness,131

approximately 10-20 µm, allowing the temperature field to rapidly reach equilibrium in the direction132
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2.2 Intrinsic properties of the copolymer

along thickness. Consequently, the secondary pyroelectric coefficient induced by thermal stress gradients133

was considered negligible [42].134

The pyroelectric current precisely synchronizes with the rate of temperature change (the derivative of135

temperature, dT/dt, with respect to time t) rather than the temperature itself (Figure 1d). The maxi-136

mum rate of change of the temperature dT/dt is around 2 K/s (peak value) in our measurements, mainly137

due to the limitation of the power of the Peltier element used. However, this temperature rate is suffi-138

ciently high to yield a pyroelectric current well above the noise level (typically over 30 nA). This current139

is proportional to the rate of change of the temperature, dT/dt, as predicted by Ip = pyA
dT
dt

(see details140

in Supporting Information). The slope of the variation of the pyroelectric current versus the temperature141

rate of change therefore yields the averaged pyroelectric coefficient, py, with a known surface area A.142

Further, the instantaneous values of py as depicted in the inset in the bottom-right of Figure 1d are con-143

sistent with the average value of the pyroelectric coefficient. When switching between heating and cool-144

ing cycles, the device changes the direction of the pyroelectric current. This phenomenon arises from the145

need for the charges on the two electrodes to compensate for the change in dipole moment within the146

P(VDF-TrFE) layer [7] (Figure S6 in the Supporting Information). During heating, the dipole moment147

decreases, and the polymer volume expands, resulting in a lower polarization density. Consequently, cur-148

rent flows through the external circuit to balance the charge density. Conversely, when the device cools149

down, it induces a higher polarization density, leading to a reversed current flow.150

2.2 Intrinsic properties of the copolymer151

A ferroelectric material generally undergoes a phase transition from ferroelectric to paraelectric when the152

temperature increases. Above the transition, the crystalline structure becomes centrosymmetric with a153

zero net dipole moment. Ferroelectric materials depolarize above the Curie temperature, Tc. This is one154

of the important parameters that determines the performance of a ferroelectric material. A higher Curie155

temperature is desirable to achieve improved thermal stability and a broader temperature range for ap-156

plications. To determine the Curie temperature of the P(VDF-TrFE) copolymer, we first performed a157

differential scanning calorimetry (DSC) measurements on the polymer powder in the temperature range158

between -50 ◦C and 200 ◦C with a rate of 10 ◦C/min. As shown in Figure 2a, in the first heating, we159

only observed an endotherm in the heat flow which corresponds to a solid to liquid phase transition at160

the melting temperature Tm. In the cooling process, the first exotherm corresponds to the solidification161

of P(VDF-TrFE) polymer while the second exotherm is attibuted to the Curie temperature where the162

polymer shifts from the paraelectric to the ferroelectric phase. This thermal hysteresis is typical of ferro-163

electrics and has previously been observed for other ratios of P(VDF-TrFE) copolymers [43]. The second164
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2.2 Intrinsic properties of the copolymer

heating shows similar result as the first heating ramp giving the melting temperature Tm = 146 ◦C for165

this P(VDF-TrFE) 83/17 copolymer. Note that there is no Curie transition observed for this polymer in166

the heating process, which shows a remarkable difference from other ratios of P(VDF-TrFE) polymers167

[1]. One hypothesis is that the Curie temperature of P(VDF-TrFE) 83/17 copolymer is within the melt-168

ing regime. The transition to the paraelectric phase thus occurs during the polymer melting process.169

Figure 2: Characterizations of the pyroelectric polymer. a, DSC measurements of the polymer as received. The

measurement was performed at a temperature rate of 10 K/min. The differential heat flow was normalized to the sample

weight. b, In-situ WAXS measurements at different measuring temperatures. The data shown here is based on the sec-

ond heating which will erase any effects of processing in the film preparation. The film was prepared using an annealing

temperature 110 ◦C for 60 minutes in vacuum. c, The crystallinity degree versus the measuring temperatures from the

WAXS data. Inset: interplanar distance of the ferroelectric phase. d, The fractions of ferrorelectric (FE) and paraelectric

(PE) phases with the measuring temperatures in the heating and cooling processes. e, Relative permittivity measured by a

temperature sweep (fixed frequency of 1 kHz, at 5 K/min).

The position of the Curie transition was further characterized by in-situ Wide-Angle X-ray Scattering170

(WAXS) measurements on the unpolarized P(VDF-TrFE) film at various temperatures ranging from171

30 ◦C to 180 ◦C (see details in Supporting Information). A single peak was observed at low tempera-172

tures located at the wave vector q = 1.418 Å−1 (a diffraction angle 2θ = 20.03◦) corresponding to the173

FE phase with dense β phase (all-trans), as shown in Figure 2b. However, when the temperature is in-174

creased, a second peak with q = 1.275 Å−1 (2θ = 18◦) appears, which is associated with the PE phase.175

At T = 130 ◦C, both phases coexist. Above T = 140 ◦C, the PE phase becomes dominant, and the peak176
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2.3 Effect of processing on the pyroelectricity

shifts to a slightly lower q = 1.176 Å−1 at T = 150 ◦C. The temperature scanning in the in-situ WAXS177

measurement reveals that the FE-to-PE phase transition is situated approximately at Tc ≈ 140 ◦C. In-178

deed, PVDF homopolymer [44] has been reported to show no FE-to-PE transition before the melting179

point (Tm ≈ 180◦C). This confirms our hypothesis that the Curie temperature is within the melting180

regime, as observed in the DSC measurement, and it is consistent with previous reports [24, 25] on low181

molar content of TrFE increasing the Curie temperature.182

We further tracked the crystallinity degree and the proportions of the FE and PE phases in the P(VDF-183

TrFE) polymer film at different temperatures (Figure 2c,d). The crystallinity exhibits a dramatic de-184

crease at 140 ◦C in both the first and second heating processes. This also coincides well with the results185

in Figure 2b and Figure 2d. At a higher temperature (150 ◦C), the crystallinity degree drops to zero,186

indicating that the film has completely melted. The cooling ramp in WAXS data also confirms our ob-187

servations in DSC measurement: the polymer crystallizes at a temperature around 120 ◦C and exhibits188

more ferroelectric features when the temperature is below 85 ◦C. The inset of Figure 2c shows the tem-189

perature dependence of the interplanar distance of the ferroelectric phase. The interchain spacing of the190

polymer crystalline phase [45] exhibits a linear correlation with temperature when it is below 130 ◦C but191

experiences a sudden decrease thereafter. This is because the polymer enters the melting regime (Fig-192

ure 2a). DSC and WAXS data show that the Curie temperature and the melting temperature of the193

P(VDF-TrFE) 83/17 copolymer are closely aligned, indicating the coexistence of the FE to PE phase194

transition with the melting process.195

An alternative method to determine the copolymer phase transition is by measuring the temperature-196

dependent relative permittivity (see Experimental Section). As shown in Figure 2e, upon heating, the197

relative permittivity εr only exhibits a slight increase when the temperature is below 120 ◦C. However, it198

increases rapidly when the temperature exceeds 130 ◦C, at which point it enters the phase transition and199

melting regime of the polymer. Upon cooling, the permittivity εr first increases and then decreases dra-200

matically, in accordance with the DSC thermographs, corresponding to the crystallization and paraelec-201

tric to ferroelectric transition, respectively. The polymer film also maintains a low value in dielectric loss202

up to near the melting temperature (Figure S7). In summary, compared to other molar ratios of VDF-203

based copolymers and terpolymers [2, 4, 45, 46], this P(VDF-TrFE) copolymer is expected to provide a204

broader operating temperature range while maintaining good pyroelectric properties for various applica-205

tions such as infrared detectors and thermal imaging [16, 18, 47].206
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2.3 Effect of processing on the pyroelectricity

2.3 Effect of processing on the pyroelectricity207

A crystalline ferroelectric material consists of crystallites that can form ferroelectric domains with a spe-208

cific polarization axis. However, the random orientations of these domains results in the material ex-209

hibiting non-polar macroscopic properties. Electric poling favors the alignment of crystal domains to210

achieve polarization in the material, resulting in an increase in overall crystallinity and pyroelectricity211

[9, 24]. Figure 3 compares the WAXS patterns of FE and PE phases in the unpolarized and polarized212

polymer films measured at various temperatures. Below 130 ◦C, the FE phase is notably dominant in213

both the unpolarized and polarized polymer films (Figure 3a,b). With increasing temperature, the fer-214

roelectric features in the unpolarized film decrease and completely disappear for temperatures above 140215

◦C (Figure 3a). However, the polarized polymer film maintain the ferroelectric features up to the melt-216

ing point of the polymer. The PE phase remains negligible in contrast to the FE phase even at the tem-217

perature of 140 ◦C (Figure 3b). Compared to the ferroelectric content at T = 30 ◦C, there is only a 15%218

decrease for the polarized film, while a reduction of 60% is observed for unpolarized films (Figure 3c).219

The electric poling can shift the Curie temperature towards an even higher value (greater than 140 ◦C),220

further widening the applicable temperature range of the polymer films.221

Figure 3: In-situ WAXS measurement at different measuring temperatures. a, Polymer film without electric

poling. b, Polymer film after electric poling. c, Normalized intensity of ferroelectic phase (FE) with respect to the tem-

perature of T = 30 ◦C in both unpolarized and polarized films. The films were prepared at 110 ◦C for 60 min with similar

thickness of 20 µm. The polarized film has a remanent polarization of 8.7 µC/cm2 and a coercive field of 50 MV/m (see

Supporting Information for further details).

The ferroelectric polarization is bi-stable. When the direction of the electric field is reversed, it leads to222

an inversion of the dipole orientation. This gives rise to a typical ferroelectric hysteresis loop (Figure223

4a). The curve shape of the polarization versus electric field (P-E) is remarkably influenced by the pro-224
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2.3 Effect of processing on the pyroelectricity

cessing during the preparation of pyroelectric devices, e.g., the thermal annealing conditions [1, 2, 25].225

Figure 4a compares the P-E loops of the polymer films prepared under various annealing temperatures226

(ranging from 70 to 150 ◦C) for a fixed duration of 60 minutes in a vacuum oven (see details in Experi-227

mental Section). FT-IR spectroscopy was applied to ensure that all the films were completely dried af-228

ter the annealing process. Increasing the annealing temperature shifts the S-like shape of the P-E loop229

towards a square-like shape. The remanent polarization Pr (residual spontaneous polarization at zero230

electric field) is found to increase as the annealing temperature Ta increases from 70 ◦C to 110 ◦C (Fig-231

ure S8 in the Supporting Information). A slight decrease in remanent polarization is observed if the an-232

nealing temperature exceeds 120 ◦C. The maximum value of Pr (approximately 8.6 µC/cm2) is achieved233

at the annealing temperature of 110-120 ◦C, where the coercive field Ec (electric field where the polar-234

ization drops to zero upon field reversal) also reaches its minimum value (see inset in Figure S8). The235

larger remanent polarization and lower coercive field give rise to better pyroelectric performance in re-236

sponse to the surrounding temperature change (discussed later in Figure 4f).237

Figure 4b depicts the pyroelectric coefficient py of the devices prepared under various annealing tempera-238

tures Ta. Thermally annealing the polymer film at 120 ◦C increases the pyroelectric coefficient threefold239

compared to 70 ◦C. A further increase in the annealing temperature (Ta > 120 ◦C) proves detrimental240

and induces a slight decrease in py values. This agrees well with the changes in remanent polarization241

with the annealing temperature (Figure S8). Annealing duration of 15 minutes and 60 minutes, as used242

in this work, yield similar results. This indicates that using the vacuum thermal annealing process can243

significantly reduce the required annealing duration, instead of taking several hours in the traditional244

annealing [2, 48]. This short time annealing is particularly interesting for industrial applications where245

time-consuming and energy-consuming processes are not desirable.246

To understand how the annealing temperature sets the pyroelectric coefficient, we further conducted247

DSC and WAXS measurements. As shown in Figure 4c, thermal annealing treatment favors high crys-248

tallinity within the polymer film. The crystallinity degree reaches its maximum value (≈ 46%) at the249

annealing temperature of 110 ◦C and 120 ◦C, at which the ferroelectric phase content is also maximized250

(Figure 4c, inset). This trend, which was also verified by DSC, shows that an optimal thermal anneal-251

ing leads to a better formation of the ferroelectric crystalline phase. Additional Raman spectroscopy252

[49] further sheds light on the polymer chain conformation and evolution with the annealing tempera-253

ture (Figure S9, Supporting Information). The intensities of the Raman bands at 266 and 1288 cm−1,254

corresponding to the ferroelectric β phase, increase with the annealing temperature, and reach maxima255

at around 110 ◦C (Figure 4d). A similar behavior was observed using FT-IR spectroscopy (Figure S10 in256

Supporting Information), with the highest intensity for the β phase associated modes (840 and 1283 cm−1)257

being detected for an annealing temperature of around 110 ◦C. These measurements in combination with258
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2.3 Effect of processing on the pyroelectricity

Figure 4: Pyroelectricity under various processing. a, Polarization-electric field (P-E) hysteresis loops. The P(VDF-

TrFE) layers in the devices were annealed at different annealing temperatures Ta for 60 minutes, then polarized using a

triangular electric field. b, Pyroelectric coefficients at different annealing temperatures. Two annealing durations (15 min

and 60 min) were applied. The shade indicates the standard deviation from 3-5 different measurements. c, Crystallinity

degree versus annealing temperature. The data were obtained from the first heating process in WAXS and DSC. Inset

illustrates the fraction of FE phase variation with the annealing temperature. d, Raman analysis shows the β phase (corre-

sponding to FE) in the films with different annealing temperatures. e, Evolution of the relative dielectric permitivitty for

films electrically poled. f, Detectivity of the device prepared under different annealing temperatures. All the measurements

were performed at room temperature except the DSC measurement in c.

WAXS and DSC data confirm that the polymer films annealed at 110-120 ◦C present the highest con-259

tent of the electroactive phase and the highest crystallinity, but with a low occurrence of defects (such260

as TTTG or TG defects). This processing is thus believed to give rise to the best pyroelectricity of the261

device.262

Figure 4e depicts the dielectric properties of the polarized polymer films prepared under different anneal-263

ing temperatures. The relative permittivity εr presents only a slight decrease with frequency, up to 104264

Hz. Beyond this point, it decreases dramatically as expected for dipolar polarization. The relative per-265

mittivity also decreases with the annealing temperature until reaching the values of 110 ◦C and 120 ◦C,266

corresponding to the optimum pyroelectricity as discussed above. This result arises from the stabiliza-267

tion of the dense ferroelectric phase, in which the dipoles are typically less mobile than in gauche-rich268

phases, and thus shows a lower dielectric permittivity for a given value of crystallinity. Temperatures269

higher than 130 ◦C result in a shift of εr towards larger values. The dielectric loss remains at relatively270
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2.3 Effect of processing on the pyroelectricity

low values, fluctuating between 0.015 and 0.025, and reaching its minimum value for an annealing tem-271

perature of 110 ◦C.272

To evaluate the pyroelectric performance of our devices, we employ the figure of merit (FoM) defined as273

FD = py/(cv
√
ε0εr tan δ), where cv is the volumetric specific heat [50], ε0 refers to the vacuum permittiv-274

ity, and tan δ is the dielectric loss. This FoM sets the detection capability, which is expected to be opti-275

mized by maximizing the pyroelectric coefficient and minimizing the dielectric loss for a given material.276

Figure 4f shows the evolution of the detectivity FD with the annealing temperatures. In accordance with277

our results discussed above, our pyroelectric detector annealed at the optimum temperature results in278

the best pyroelectric sensitivity. Optimal processing can increase the detectivity 4-fold compared to an-279

nealing at low temperatures (such as Ta = 70 ◦C). This is mainly because optimal annealing results in280

a high pyroelectric coefficient while maintaining low permittivity and dielectric loss (Figure 4b,e). Re-281

garding the detectivity of the pyroelectric detector, our strategy utilizing P(VDF-TrFE) 83/17 copoly-282

mer with optimal processing can yield values 1.5-3 times higher than those reported for P(VDF-TrFE)283

50/50, 70/30, and 80/20 copolymers in the literature [51, 52], and can be even 4 times higher compared284

to the copolymer doped with a ceramic material (such as Pz59) [14].285

Figure 5: Pyroelectricity. a, Pyroelectric coefficient as a function of remanent polarization, measured at room temper-

ature. b, Map in the parameter space of py and εr. Blue region: PVDF; Orange: P(VDF-TrFE); Green region: doped-

P(VDF-TrFE). Different symbols indicate different references in literature [2, 14, 19, 26, 27, 30, 35, 44, 53–57], summarized

in Table S1 in Supporting Information.

Figure 4b and Figure S8 show a similar trend in the pyroelectric coefficient py and the remanent po-286

larization Pr with respect to the annealing temperature. To explore this, we performed the pyroelec-287

tric measurements for devices with varying remanent polarization. Note that we utilized devices pre-288

pared with different annealing temperatures and various polarization degrees. As illustrated in Figure289

5a, the pyroelectric coefficient aligns well with the linear prediction, py = ϕPr, where ϕ represents a con-290
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stant factor. The constant factor might be influenced by the material itself as well as the processing. In291

our measurements, the constant ϕ ≈ 6×10−4 K−1, 6-times larger than the thermal expansion coefficient292

1 × 10−4 K−1 reported for the PVDF-TrFE copolymer [58]. The secondary pyroelectricity contribution293

from the dimensional effect to the observed pyroelectric activity is not dominant. Our observation is also294

in accordance with a recent report [2].295

Higher pyroelectric coefficients along with lower dielectric constants and dielectric losses are expected to296

lead to a better sensitivity for pyroelectric detectors. Here, we established a map in the space of param-297

eters: pyroelectric coefficient py and relative dielectric constant εr, as depicted in Figure 5b. We com-298

pared the state-of-the-art VDF-based pyroelectric materials, including PVDF polymers, P(VDF-TrFE)299

copolymers, and P(VDF-TrFE) copolymers doped with inorganic materials (such as lead titanate (PT)300

powder, PNN-PZT (Pz59) powder, lanthanum and calcium modified lead titanate (PCLT), and ZnO301

quantum dots (ZnO QDs)), see details in the Supporting Information. In general, doping VDF-based302

polymers with such inorganic materials (green region in Figure 5b) allows to increase the pyroelectric303

coefficient, but it also induces a higher dielectric constant. Moreover, the addition of inorganic materi-304

als renders the VDF-based polymers less printable and more costly. PVDF polymer (blue region) pos-305

sesses a low value in dielectric constant but also has poor pyroelectricity. In contrast, the P(VDF-TrFE)306

copolymers (orange region) are more attractive concerning the performance and cost-effectiveness. Our307

approach, using the optimized processing in preparing the pyroelectric device, can enhance the pyroelec-308

tric coefficient up to 50 µC/(m2K), while maintaining a relatively low dielectric constant of around 8 at309

room temperature.310

3 Conclusion311

In summary, we have thoroughly investigated the processing effects on enhancing the pyroelectric per-312

formance of a copolymer with a low amount of TrFE (P(VDF-TrFE) 83/17). We demonstrate that this313

copolymer can maintain excellent pyroelectric properties up to the melting temperature (up to 140 ◦C).314

This is achieved through the combination of vacuum thermal annealing and step-by-step electric poling315

at room temperature. We further quantitatively evaluate the effects of annealing temperatures on the316

pyroelectric performance of thermal detectors, showing that the optimal temperature (between 110 ◦C317

and 120 ◦C) can result in highly ordered ferroelectric crystalline domains within the polymer films, con-318

sequently giving a better detectivity of the pyroelectric detector. Our study provides an alternative choice319

of P(VDF-TrFE) copolymers for the design of thermal/infrared detectors that may require a wide appli-320

cable temperature range.321
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4 Experimental Section322

Materials : Poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)) with 83/17 VDF/TrFE molar323

ratio was kindly supplied by IRLYNX (France) in the form of solid pellets (≈ 3 mm in length). The av-324

erage molar mass is around 233,000 g/mol. Printable silver paste (DM-SIP-3061S) was purchased from325

DYCOTEC Materials (UK). Conductive ink poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)326

(PEDOT:PSS) (EL-P5015) used for screen printing was acquired from Agfa ORGACON. Propylene car-327

bonate (PC) (99.5%) was received from Thermo Fisher Scientific. Acetone, ethanol, and isopropanol328

were purchased from Sigma-Aldrich and used as received. Deionized water was obtained from a Milli-329

pore Water filtering system (PureLab Flex). Thermal paste (7 W/(m·K)) from RS France was used. All330

products were used without further purification.331

Polymer solution preparation: Solid P(VDF-TrFE) pellets were dissolved in PC with a concentration332

of 20 wt%. The choice to use PC is based on its high molecular dipole moment (4.9 D), which could po-333

tentially benefit the formation of the ferroelectric phase [30]. To dissolve the polymer, the solution was334

stirred using a magnetic stirrer at a temperature of 90 ◦C on a hot plate for two days. The heating was335

then turned off, and the solution was left on the hot plate to slowly cool down back to room tempera-336

ture.337

Substrate preparation: Flexible, indium tin oxide (ITO)-coated PET substrate (surface resistivity 100338

Ω/Sq, from Sigma-Aldrich), and ITO-coated glass substrate (100 mm × 100 mm, 0.7 mm in thickness,339

from Guluo Glass) were used in this study. Before using, glass substrates were cleaned using acetone,340

ethanol, and isopropanol in an ultrasonic bath (fisherbrand, FB15062) for 15 min each and then dried341

with clean nitrogen gas. The PET substrates were cleaned with the same procedure, excluding the use of342

Acetone. Plasma treatment (10 min) was further used before the P(VDF-TrFE) layer deposition.343

Film deposition, processing, and device fabrication: A rigid Doctor blade coating setup (TFC200-400)344

was used to deposit the polymer layer onto the pre-cleaned glass substrate (10 cm × 10 cm) or PET345

substrate (10 cm × 10 cm) which was fixed by the vacuum suction. A screen printer (EKRA X5) was346

also used to obtain thinner polymer films. The substrate was split into four areas (40 mm × 40 mm) by347

using Kapton tape before the P(VDF-TrFE) layer deposition. Each area formed an individual device.348

After deposition, the P(VDF-TrFE) liquid film was placed in a vacuum chamber for 20 min at room tem-349

perature to remove the entrapped air bubbles, followed by further drying and annealing in a vacuum350

oven (Medline OV-11). The dried polymer film thickness was measured using a profilometer (Bruker351

Dektak XT-A), roughly 10-20 µm depending on the processing. PEDOT:PSS layers were afterwards de-352

posited onto the P(VDF-TrFE) layer as the top electrodes using a similar process, see Figure S2 in Sup-353

porting Information. The devices were stored in a glovebox under vacuum. All the fabrication, process-354
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ing, and measurements were performed in an ISO6 clean-room environment at ELORPrintTec (Univer-355

sité de Bordeaux).356

Poling process : The polarization switching response to the electric field closely reflects the performance357

of the ferroelectric devices [59]. Electrically poling the VDF-based ferroelectric polymer at a high tem-358

perature (e.g., 100 ◦C) might be advantageous for reducing imperfections or defects in the crystallites,359

thus favorably converting the α phase to the β phase [35, 60]. However, this process is complicated. In360

our study, the poling process was conducted at room temperature using the TF Analyzer 2000E (aix-361

ACCT Systems). A triangular wave with a frequency of 2 Hz was used. To prevent early breakdown, the362

voltage was increased step by step (a maximum step of 100 V), and for each step several polarization cy-363

cles were applied until the polarization-electric field (P-E) loop curves were similar. The accumulated364

charge [42] during the poling was discharged from the device electrodes after several steps by connecting365

the electrodes to the ground. For each configuration, 3-5 devices were poled, and the average P-E loop366

curve was obtained.367

Characterizations : Differential scanning calorimetry (DSC) (Mettler TOLEDO) measurement was per-368

formed using the same rate 10 K/min in the heating and cooling processes in the temperature range be-369

tween -50 ◦C and 200 ◦C. The sample was kept at 200 ◦C for 10 minutes to ensure complete melting.370

The crystallinity percentage is calculated by [30, 61] χc = ∆Hm/∆H0
m× 100%, where ∆Hm is the melt-371

ing enthalpy of the polymer film, and ∆H0
m is the melting enthalpy of a 100% crystalline polymer. Wide-372

angle X-ray scattering (WAXS) measurements were performed using the Nano inXider using a transmis-373

sion mode. The temperature was controlled by a Linkam HFSX350 heating plate, at a change rate of374

10 K/min. Scattering patterns were collected using a Pilatus3 (Dectris) detector. It stopped 2 minutes375

at every temperature of interest during the pattern acquisition [62]. Fourier transform infrared (FT-IR)376

spectroscopy was performed using a Nicolet iS5 with an ATR module iD7 (diamond-crystal window, di-377

ameter of 1.8 mm), between 4000 to 400 cm−1. Raman spectroscopy measurements were performed us-378

ing an XploRa spectrometer (Horiba Instruments) coupled with an Olympus microscope. A linearly po-379

larized laser (Nd:YAG, wavelength 532 nm) and a magnification of 50× (sampling diameter of 10 to 15380

µm) were used. The measurement range was between 200 and 1600 cm−1, see details in Supporting In-381

formation. The dielectric measurements were conducted in the frequency range of 0.1 Hz to 1 MHz using382

a Solartron 1296 dielectric system. In temperature sweep experiment, the measuring temperature was383

varied at a rate of 5 K/min while fixing the frequency at 1 kHz. The temperature ranged from -50 ◦C to384

180 ◦C and kept at 180 ◦C for 10 min to ensure complete melt of the polymer before cooling down. For385

frequency sweep measurement, the measuring temperature was set as the room temperature. All the di-386

electric measurements were performed with a voltage amplitude of 1 V.387

Pyroelectricity measurement : Pyroelectric coefficient was measured using a home-made setup (Figure 1c388
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and Figure S5). The device was fixed on a Peltier (40 mm × 40 mm, RS Pro 217-2399) using a homoge-389

neous thin layer of thermal paste to reduce the thermal resistance. The Peltier was fixed on a temperature-390

controlled stage where the temperature was kept at a constant value of 14 ◦C. In heating, the Peltier,391

powered by DC power generator (Aim-TTi CPX400DP), was turned on, while in cooling the Peltier was392

off. The temperature of the polymer layer was measured by thermocouples (T type from Omega) and393

an Infrared camera (FLIR SC7000). The generated current due to the temperature change was instanta-394

neously measured by using a semiconductor device analyzer (KEYSIGHT B1500A). A home-made Mat-395

lab program was used to synchronize the measurements of temperature and current. The average pyro-396

electric coefficient was therefore calculated from the continuous measurements of temperature and cur-397

rent over several heating-cooling periods, see details in Supporting Information.398
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Enhanced pyroelectricity of VDF-based copolymer is achieved by largely extending the ferroelectric-to-paraelectric transi-

tion temperature. Optimized thermal annealing and electric poling processing favor highly ordered ferroelectric crystalline

structures within the polymer films, resulting in a high pyroelectric features up to 140 ◦C. These findings sheds light on

the design of high-performance flexible pyroelectric detectors.
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