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Sensors for monitoring temperature, heat flux and thermal radiation are essential for 

applications such as electronic skin. While pyroelectric and thermoelectric effects are suitable 

candidates as functional elements in such devices, both concepts show individual drawbacks in 

terms of zero equilibrium signals for pyroelectric materials and small or slow response of 

thermoelectric materials. Here, these drawbacks are overcome by introducing the concept of 

thermodiffusion-assisted pyroelectrics, which combines and enhances the performance of 

pyroelectric and ionic thermoelectric materials. The presented integrated concept provides both 

rapid initial response upon heating and stable synergistically enhanced signals upon prolonged 

exposure to heat stimuli. Likewise, incorporation of plasmonic metasurfaces enables the 

concept to provide both rapid and stable signals for radiation-induced heating. The performance 

of the concept and its working mechanism can be explained by ion-electron interactions at the 

interface between the pyroelectric and ionic thermoelectric materials. 
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1. Introduction 

Heat, either from direct convection or induced by radiation, is one of the most important stimuli 

in nature. This is evident from the abundance of unique heat sensing concepts found in animals, 

plants, and bacteria.[1] Not least, our own skin has evolved a complex sensory system containing 

epidermal and dermal microstructures and heat sensory receptors for detection and regulation 

of heat flows.[1k, 2] In turn, accurate heat sensing capability is important for a many applications, 

such as electronic skin (e-skin) for humanoid robotics, skin prosthetics and wearable health 

monitoring devices.[2-3] While mimicking the tactile sensing capabilities of human skin has 

recently become a popular topic,[4] comparably fewer concepts has been proposed for 

integrating heat sensing into e-skin, and was so far mostly based on resistance changes or other 

concepts that also require external power to generate signals upon heat stimuli.[5]  

        Pyroelectricity and thermoelectricity are two concepts that can directly convert heat into 

electric signals and they have recently been explored for heat sensing not requiring external 

power sources to generate the signals.[6] Pyroelectricity is based on the temperature-dependent 

electrical polarization of certain anisotropic materials.[6a, 6c, 6h, 6k] Temperature-induced decrease 

or increase of the polarization strength over a thin pyroelectric film enables conversion of 

temporal temperature changes into electric signals.[6a, 6k, 6l, 7] Polymeric pyroelectric materials 

have drawn particularly high attention due to their mechanical flexibility, low cost, and easy 

processing. They have been applied in production of temperature monitors, fire alarms, 

intrusion detection systems and detection of laser radiation.[6b, 6l, 8] However, pyroelectric 

sensors respond only to temporal changes in temperature, and the temporary voltage signal 

quickly decays to zero at equilibrium. This makes the pyroelectric concept unsuitable for 

measuring absolute temperatures. Moreover, most pyroelectric materials are also piezoelectric, 

leading to difficulties in decoupling heat and pressure input signals.[6a, 6k, 9]  

        Thermoelectric materials instead respond to spatial temperature differences and can 

provide thermal voltages related to changes in absolute temperatures (rather than temporal 
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variations). A large variety of semiconductors have been explored for thermoelectric 

applications, including metal alloys,[10] conductive polymers and their derivatives.[11] So-called 

ionic thermoelectric materials form another emerging class of thermoelectric materials.[12] 

These materials utilize thermodiffusion of ions from hot to cold regions (ionic thermoelectric 

effect or Soret effect) to generate thermal voltages hundreds of times larger than those of 

electronic materials.[12-13] Combined with good mechanical flexibility, low material cost and 

easy processability, these electrolyte materials have shown prospects for use in e-skin.[12a] 

However, the response time is typically too long for practical applications (100-1000 s),[12a] 

because of the low mobility and slow thermodiffusion of the ions.  

        Similar to the ionic thermoelectric effect, the heat sensation of the human skin also 

functions via movements of ions, through selective ion channels.[14] Likewise, the skin also 

possesses pyroelectric properties, originating from the presence of polar keratin, elastin, and 

collagen fibers with unique orientations.[15] Inspired by this natural system, we here present a 

novel heat-sensing concept based on a synergistic combination of pyroelectrics and ionic 

thermodiffusion. The integrated system comprises a pyroelectric thin film sandwiched between 

metal electrodes and topped with an ionic thermoelectric layer providing selective ionic 

thermodiffusion. We study the open circuit voltage over the pyroelectric material upon heat 

stimuli and show that the combined system provides a rapid initial response followed by a clear 

saturation state at equilibrium. Moreover, the equilibrium open circuit voltage is more than 4 

times higher than that predicted from the Seebeck voltage of the ionic thermoelectric material, 

implying that the response is synergistically enhanced and not a mere combination of the two 

effects. This feature makes the concept fundamentally different from recent reports on energy 

harvesting that superimpose pyroelectric effects with thermogalvanic or 

traditional thermoelectric effects.[16] We attribute our results to a new phenomenon originating 

from ion-electron interaction at the interface between the pyroelectric and thermoelectric layers, 
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where heat flow-induced thermodiffusion of ions modifies the interfacial electrode charge and 

assists the pyroelectric response.  

        The capabilities of providing both rapid response upon heat stimuli and record high 

thermal voltages at equilibrium make the concept highly interesting for applications like e-skin. 

This is further promoted by the possibility to decouple signals from heat and pressure stimuli, 

as proposed related to the elasticity of the ionic polymer gel. Finally, taking advantage of light-

induced heating in plasmonic gold nanohole arrays,[17] we demonstrate the possibility to 

combine the concept with the sensation of heat generated by sun light.  

 

2. Results and Discussion         

2.1. Demonstration of the Concept  

To understand and evaluate the presented combined concept, we compare our system with pure 

pyroelectric and ionic thermoelectric (iTE) devices. Figure 1a shows the structure of the pure 

pyroelectric device, composed of a thin polarized poly(vinylidenefluoride-cotrifluoroethylene) 

(P(VDF-TrFE)) film sandwiched between two electrodes (see fabrication details in Methods 

and section S1 in the Supporting Information section). As indicated by the arrows, the P(VDF-

TrFE) layer was negatively polarized, as true for all devices unless otherwise stated (also see 

Figure S1, Supporting Information). The co-polymer P(VDF-TrFE) is commonly employed for 

pyroelectric (and piezoelectric) sensing due to its light weight, high stability, and non-

toxicity.[7c, 18] We measured changes in open circuit voltage (ΔVpyro) while alternating the 

temperature (Tchange) of the pyroelectric device between 22°C (room temperature) and 32°C 

using a Peltier element. As shown in Figure 1b, ΔVpyro shows the expected spike behavior upon 

heating, manifested by an initial peak (≈250 mV) followed by a monotonic decrease as the 

device equilibrates at the new temperature. Decreasing the temperature back to 22°C led to 

similar signals with reversed polarity. These results are related to the temperature-dependence 
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of the polarization across the P(VDF-TrFE) film, which leads to deficient or excess screened 

charges on the electrodes upon changes in temperature.[18] At ambient environment, the open 

circuit voltage decreases to zero upon temperature equilibration due to rapid charge 

compensation and the signal becomes proportional to the rate change in temperature (details 

can be found in SI 2, Supporting Information). 

        Figure 1c presents the structure of the pure iTE device and the chemical structure of the 

involved electrolytes. We choose the ionic liquid (IL), 1-ethyl-3-methylimidazolium ([EMIM]) 

bis(trifluoro-methylsulfonyl)imide ([TFSI]), which can form a gel electrolyte in 

poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP)) as solid matrix. We have 

previously reportedthat this ionic polymer gel has a negative Seebeck coefficient of -4 to -5 mV 

K-1 (thermoelectric characterization can be found in SI 3 in Supporting Information).[12b] Figure 

1d shows the measured change in open circuit potential (ΔViTE) upon heating the iTE device 

from its backside, where the top panel shows both Tchange and the temperature difference 

established across the film (ΔT). Owing to the low thermal conductivity of the gel (0.136 W 

mK-1),[12b] heating the bottom side of the device to 10 K above room temperature led to a 

relatively large ΔT of 2.8 K across the 500 µm thick film. The magnitude of ΔViTE increases 

monotonically when exposed to the heat stimulus and reaches a stable value of around -13 mV 

at equilibrium. Comparing ΔVpyro and ΔViTE shows that the response time of the pyroelectric 

device (time to reach the peak value, around 8-12 s) is much lower than the response time of 

the iTE device (time to reach the saturated value, around 100-130 s). The change in charge 

density for the pyroelectric device upon a temperature change of 10 K is on the order of 

3 nC/cm2.[18] This charge density is in the same range as that of the electric double layer (EDL) 

expressed by the iTE device when subjected to the same heat stimulus (14 nC cm-2 at Tchange= 

10 K, ΔT= 2.8 K). In turn, this implies that these two phenomena can be effectively coupled, as 
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explored for the integrated devices below (calculation details can be found in SI 4, Supporting 

Information). 

        In order to combine the advantages of the rapid pyroelectric effect and the stable iTE 

response upon heating, we designed an integrated pyro-iTE device by mounting the solid iTE 

gel on top of the pyroelectric device (as illustrated in Figure 1e). To avoid ion penetration from 

the iTE gel into the P(VDF-TrFE) layer, as we found caused continuous drifts for initial devices 

(see Figure S4, Supporting Information), we evaporated an additional aluminum layer between 

the pyroelectric and thermoelectric layers.[19] We characterized the integrated device by 

monitoring changes in the open voltage over the pyroelectric layer (ΔVinte) during equivalent 

heat cycles as used for the separate devices. As shown in Figure 1f, ΔVinte responded rapidly 

and formed a peak resembling the transient response of the pure pyroelectric device. However, 

it then monotonically shifted to a clear saturated level instead of decreasing to zero as for the 

pure pyroelectric device. Removing the heat led to a rapid peak with reversed polarity, followed 

by a decrease to zero. These results are promising for combined rapid and equilibrium heat 

detection without need for external power. In that respect, we also note that the stable signal, 

although originating from the iTE layer, could be measured over the pyroelectric layer due to 

capacitive coupling, which allows simplified device structures without top electrodes. 

Compared with the pure pyroelectric device, the peak value (55 mV) of ΔVinte is lower than that 

of ΔVpyro (200 mV), yet more than 4 times higher than that of ΔViTE (15 mV) for the same 

heating conditions. Furthermore, the stable potential at equilibrium for the integrated device is 

much larger than that of the pure iTE device. These interesting observations are discussed 

further below. 
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2.2. Revealing the Mechanism for the Integrated Response 

The open circuit voltage response of the integrated device upon heat stimuli, and differences 

from the response of the pure pyroelectric device (see Figure 2a) can be comprehended by 

analyzing the equivalent circuits of the two systems. For the pure pyroelectric device (Figure 

2b), the heat-induced change in pyroelectric polarization modifies the surface charge, producing 

a transient pyroelectric current Ipyro(t).[6a, 6c, 8] ΔVpyro can be large due to the typical low 

capacitance of the pyroelectric layer (13 nF cm-2 for the presented device, calculation details 

can be found in SI 4, Supporting Information). Rpyro accounts for the charge compensation by 

the ambient environment. Figure 2c shows the equivalent circuit for the integrated device, 

which combines the pyroelectric part (left dashed box) with additional components 

corresponding to the ionic thermoelectric layer (right dashed box). In accordance with previous 

work, we represent the iTE module by a capacitor connected to a power supply, in turn, 

corresponding to the thermoelectric voltage generator.[12,13] Before applying heat stimuli (state 

i in Figure 2a), both Ipyro and ΔViTE are zero because 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 and ΔT=0. When applying heat to 

the devices (state ii in Figure 2a), Ipyro starts to increase and charge the capacitors in the circuits. 

The total capacitance of the integrated device is larger than for the pyroelectric device, which 

explains the lower voltage peak value for the combined system. For continued heating to an 

equilibrium temperature, Ipyro decreases to zero and ΔVinte becomes governed only by the power 

supply in the iTE part of the equivalent circuit, which equals to the thermal voltage over the 

thermoelectric film (state iii in Figure 2a). The equivalent circuit thereby illustrates how the 

ionic thermoelectric effect leads to an open voltage across the pyroelectric layer. 

        The response mechanisms of the different devices can also be interpreted based on the 

interaction of interface charge and ions in the different layers, as depicted in Figure 2d (for the 

same states as marked in Figure 2a). For the pure pyroelectric device (top panels), changes in 

voltage across the film (ΔVpyro) are governed by temperature-induced changes in polarization 



  

8 
 

in relation to compensation by screened charges at the electrodes. Initial heating (ii) leads to a 

rapid voltage increase due to reduced polarization over the film at higher temperatures. The 

voltage then quickly decreases back to zero due to re-compensation by screened charge (iii).[18] 

The integrated device (bottom panels in Figure 2d) shows similar initial behavior upon heating 

(i). The lower peak magnitude is attributed to counter ions in the iTE layer being attracted by 

the uncompensated interfacial charge from the pyroelectric effect, thereby representing 

pyroelectric charging of CiTE (note that ΔT is not yet established at this initial heating stage). 

For longer duration of heating (continued heating, iii), the spatial temperature difference (ΔT) 

established over the ionic thermoelectric gel leads to preferential thermodiffusion of anions to 

the colder top surface of the device, leaving an excess of cations at the bottom iTE interface 

towards the pyroelectric layer. The accumulated cations at the interface between the 

pyroelectric layer and the ionic thermelectric layer act as external screened charge that 

contributes to balancing the polarization in the P(VDF-TrFE), thereby reducing the actual 

amount of screened charge in the pyroelectric device. In the equivalent circuit, this process 

corresponds to Cpyro being charged by ΔViTE, leading to a negative saturated voltage at 

equilibrium over the pyroelectric layer.   

Interestingly, the saturated value of ΔVinte is much larger than ΔViTE measured for the 

same iTE material on a glass substrate (compare the saturated values in Figure 1d and 1f). This 

enhancement effect is not directly predicted by the proposed equivalent circuit, for which the 

saturated response of the integrated device should be equal to thermal voltage over the iTE gel. 

To understand this further, we measured the thermal voltage over the iTE gel when on top of 

the pyroelectric device. As shown in Figure S5 in the Supporting Information, the thermal 

voltage measured over the iTE gel for the integrated device was also much larger than for the 

same material on a glass substrate. In fact, the measured voltage over the iTE gel of the 

integrated device matches the saturated integrated response measured over the pyroelectric film, 
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which corroborates the proposed equivalent circuit. The mechanism of the observed 

enhancement effect will be investigated in more detail in future studies, and will only be briefly 

discussed here. According to previous studies, negatively polarized P(VDF-TrFE) can more 

easily hold and maintain positive surface charge than a non-polarized film.[20] We therefore 

hypothesize that the dipoles in the pyroelectric layer help to attract and stabilize cations in the 

iTE gel at the interface, thereby enhancing the response of the integrated device. To test this 

assumption, we depolarized the P(VDF-TrFE) film of a pure pyroelectric device by heat 

treatment at 90°C for 2 hours. As expected, the depolarized sample showed no pyroelectric 

response upon heat stimuli (Figure S6a, Supporting Information). After coating with the iTE 

layer, the same heat stimuli led only to a small saturated ΔVinte of around -7 mV for this 

depolarized integrated sample (and still no pyroelectric peak, Figure S6b, Supporting 

Information). This saturated voltage is much smaller than ΔVinte of the polarized integrated 

device and in the same range as ΔViTE measured for the iTE gel on glass substrate. This supports 

the role of the dipoles in the pyroelectric layer in enhancing ΔVinte to provide both rapid 

response upon initial heating and high saturated values at equilibrium conditions.  

         

2.3. Performance Evaluation and Decoupling Heat and Pressure Stimuli 

After exploring the working mechanism of the integrated concept, we evaluate its performance 

for heat sensing. We exposed the bottom of a device to alternating strength of heat stimuli while 

recording ΔVinte (from 22°C to different temperatures up to 26.5°C, as shown in Figure S7 in 

the Supporting Information). The peak values and saturated values originating from the rapid 

pyroelectric response and the static iTE response, respectively, were extracted at each 

temperature. As clear from Figure 3a, both parameters vary linearly with temperature. The 

slopes from linear fits to the experimental results give the fast peak response coefficient as 9.3 

mV K-1, and the saturated response coefficient as 3.0 mV K-1, with response times of around 
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10 s and 50 s, respectively. We emphasize in particular that the static response coefficient is 4 

times larger than for the pure thermoelectric device (0.75 mV K-1). Combined with the quick 

peak response from the pyroelectric contribution, the concept clearly shows great potential for 

heat sensing. 

        One of the major problems restricting pyroelectric materials from being applied in e-skin, 

besides not providing saturated response, is that they are also piezoelectric and cannot easily be 

used to distinguish heat stimuli from unwanted  mechanical input signals from pressure or 

vibrations. We investigated the response of the integrated pyro-iTE device to pressure and to 

the combination of pressure and heat stimuli, and compared the results with those for a pure 

pyroelectric device. As illustrated in Figure 3b, the pressure was applied to the top of the devices 

using either a plastic material (non-heated, room temperature) or a finger (heated, skin 

temperature), with applied pressures in the range 0.15 to 0.25 N (sample area is 0.5 cm2). The 

pressure was applied to the top of the devices.  As expected, the pure pyroelectric device showed 

large signals when pressed by the plastic material (black dashed line in Figure 3c), due to the 

piezoelectric properties of the P(VDF-TrFE). By contrast, the integrated device showed almost 

no signals when pressed with the plastic material (orange solid line in Figure 3c). We attribute 

the integrated device‘s low sensitivity to pressure partly to the elasticity of the iTE gel, acting 

as mechanical buffer layer to reduce the stress induced in the P(VDF-TrFE) layer in the studied 

pressure range. Instead pressing the integrated device by a human finger led to extraordinary 

open voltage signals (orange line in Figure 3d), followed by opposite spikes upon detaching the 

finger. This could be due to thermoelectric charge redistribution in the ionic gel when in contact 

with the warm finger, which affects the screened charge at the interface to the pyroelectric layer. 

For the pure pyroelectric device, the responses when touched by the plastic material or the 

finger were very similar (dashed lines in Figure 3c and 3d). From these results, we conclude 

that as heat sensor, the integrated device is better than the pure pyroelectric device in avoiding 
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false signals induced by pressure disturbances in the measured range. Because the concept is 

still able to detect human touch, it could be suitable for e-skin applications. 

         

2.4. Radiation Sensing by Adding Plasmonic Metasurfaces 

Besides detecting heat induced by convection, it is important for human and artificial skin to 

be able to detect radiation by the sun. We equipped our integrated device with such capability 

by utilizing the strong light-to-heat conversion of plasmonic metasurfaces.[1a, 17a, 18, 21] 

Plasmonic metasurfaces are nanostructured metal surfaces that interact strongly with light via 

excitation of collective charge oscillations (i.e. plasmons). This leads to nonradiative damping 

and local heat generation. Here, we replaced the bottom electrode of the integrated pyro-

iTE device with a thin plasmonic electrode based on a gold film perforated with nanoholes, 

which has previously been shown effective in generating heat under solar exposure while 

simultaneously acting as electrode.[17a] Figure 4a illustrates the resulting plasmo-pyro-iTE 

device and Figure 4b shows a scanning electron microscopy (SEM) image of a typical 

plasmonic nanohole array (see fabrication in Methods). Figure 4c presents the absorption 

spectrum of a typical device. The complex absorption features originate from the combination 

of the plasmonic metasurface and the optical cavity formed between the metasurface and the 

top electrode, which allows for easy tuning via the P(VDF-TrFE) thickness. 

        We first investigate the response to light for a pure pyroelectric device modified with a 

plasmonic metasurface as bottom electrode, by monitoring changes in the open voltage across 

the pyroelectric layer (∆Vplasmo-pyro) upon illumination from the backside with simulated sunlight 

(1 Sun, 1000 W m−2). In accordance with the direct heating results, light-induced plasmonic 

heating also led to a transient voltage signal, in the form of a peak followed by a monotonic 

decrease to the zero voltage and no saturated response at equilibrium (black line in Figure 4d). 

The detailed kinetics are slightly different compared with the direct heating, because the 
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plasmonic metasurface acts as a constant heat source that is rapidly turned on or off.[17a, 18] The 

results from multiple light on/off cycles demonstrates good stability (Figure 4e).  

        We now turn to the plasmonic integrated device (plasmo-pyro-iTE device), comprising 

the plasmonic metasurface as well as both the pyroelectric and iTE layers. Results shown in 

Figure 4f reveal that the device can generate a rapid positive voltage signal (around 8.5 mV) 

directly after turning on the illumination as well as a clear saturated response (around -2.5 mV) 

for prolonged durations of illumination. Figure 4g presents results for multiple light on/off 

cycles, and also shows that turning the light off leads to a reversed voltage peak followed by 

decrease to zero. To investigate the effect of pyroelectric polarization direction on device 

performance, we reversed the polarization direction of the P(VDF-TrFE) film to positive 

direction (details on polarization control can be found in SI1 of the Supporting Information). 

First, reversing the polarization direction for control devices without the iTE gel did not 

markedly affect the response, besides reversing its direction (see Figure S8, Supporting 

information). By contrast, reversing the polarization direction highly affected the results for the 

integrated plasmo-pyro-iTE device. As shown in Figure 4h, the device with positive 

polarization direction could rapidly generate a negative voltage signal of about -9 mV upon 

initial illumination, followed by saturation at the same polarity at around -3 mV for prolonged 

light illumination. Figure 4i demonstrates excellent reproducibility for multiple light on/off 

cycles and also illustrates that turning the light off led to the expected positive voltage peak 

followed by monotonic decrease to zero voltage. We note that the positively polarized 

integrated device provided much faster equilibration times compared with both the pure 

plasmo-pyroelectric device and the integrated device with negative polarization (the on/off time 

in Figure 4i is only 5 s). We attribute this advantageous feature to the rapid initial plasmonic 

heating combined with a balance between the oppositely signed contributions from the two 

comparably slower pyroelectric and iTE equilibration processes. The results show that the 
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integrated plasmo-pyro-iTE devices can provide both fast response upon changes in light 

conditions (owing to the plasmon-induced pyroelectric signals) and stable saturated signals 

upon constant illumination (owing to plasmon-induced iTE signals).  

         

3. Conclusions 

In summary, we have demonstrated a novel self-powered heat sensing concept that utilizes 

combined synergistic effects from pyroelectrics and ionic thermoelectrics. In contrast to the two 

separate concepts, the integrated devices can generate both rapid open voltage signals 

immediately upon heat stimuli and also stable saturated signals for indefinite times while the 

heat stimulus is present. Moreover, we show that the open voltage of the integrated device is 

not a mere superposition of the two effects, but that synergistic enhancement effects are present. 

We propose an equivalent circuit of the integrated device and a possible working mechanism 

with contribution from interfacial effects related to interaction between the pyroelectric dipoles, 

screened charge, and mobile ions in the iTE layer. Compared to traditional temperature sensing 

devices based on pyroelectric or thermoelectric materials, the novel integrated device has 

advantages of combining quick response times and enhanced saturated signal strengths, while 

also being less sensitive to pressure stimuli. Furthermore, substituting one electrode with a 

plasmonic metasurface electrode made the integrated device responsive to solar irradiation, 

again providing signals for both quick and extended light exposure. The active materials are 

solid and flexible, further showing promise for using the integrated concept for e-skins. 

 

 

4. Experimental Section 

Fabrication of (plasmonic) pyroelectric devices: Devices were fabricated on glass substrates, 

which were cleaned by ultrasonication in soap water for 5 min and twice in de-ionized water 

for 5 min. They were then rinsed with isopropanol and dried with a N2 stream, followed by UV-
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ozone treatment for 15 min. Bottom electrodes (3 nm titanium and 30 nm gold) were deposited 

by shadow mask thermal evaporation. For plasmonic devices, we used colloidal lithography to 

create bottom electrodes with short-range ordered nanohole arrays (160 nm diameter, thickness 

set by the metal film).[22] Oxygen plasma treatment (300 W, 60 s, 300 mTorr, RIE/Plasma 

Enhanced CVD, Advanced Vacuum (Vacutec)) was employed to increase wettability before 

applying the P(VDF-TrFE) layer. A solution containing 4 wt. % P(VDF-TrFE) copolymer 

(70:30 mol%) pellets in diethyl carbonate was spin coated onto the substrates at 2000 rpm for 

30 s, followed by annealing at 130 °C for 10 min to improve crystallinity. To reach desired film 

thickness, the spin coating and annealing steps were repeated four times. The thickness of the 

PVDF-TrFE layer was measured using a profilometer (Dektak 3ST). Next, shadow mask 

thermal evaporation was used to deposit 60 nm aluminum (as intermediate layer preventing 

ions from the ionic gel to penetrate into P(VDF-TrFE) layer for the integrated devices) and 30 

nm gold as top electrode.  The P(VDF-TrFE) layer was polarized by applying voltage sweeps 

over the film in several cycles (see SI1 in the Supporting Information; corresponding to ± 100 

V µm-1, sweep rate of 3 Vs-1, Keithley 4200-SCS parameter analyzer). The polarization 

direction of the film was determined by the polarity of the applied voltage of the last 

polarization switching step. 

Fabrication of (plasmonic) pyroelectric devices integrated with iTE gel: Poly(vinylidene 

fluoride-co-hexafluoropropylene) (PVDF-HFP, Mn=130,000) and 1-ethyl-3-

methylimidazolium bis(trifluoro-methylsulfonyl)imide ([EMIM] [TFSI]) were purchased from 

Sigma-Aldrich and used as received. The gels were prepared by mixing IL ([EMIM][TFSI]) 

and acetone solution with co-polymer (PVDF-HFP or PMMA-PS, wpolymer/wacetone=1:7) with 

different weight ratios. The solutions were stirred at least 30 min and drop-casted on glass 

substrates, followed by drying in an oven at 60 °C for 15 min.  Integrated pyro-iTE devices and 
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integrated plasmo-pyro-iTE devices were fabricated by placing a section of iTE gel on the top 

electrode of respective devices.  

Optical and morphological characterization: Absorption spectra of plasmo-pyro-iTE devices 

were acquired using a custom-built setup based on a white light source (300 W Xe lamp, 

Newport), an integrating sphere (Labsphere) and a light guide connected to a spectrograph 

(Andor Shamrock 303i, Newton CCD detector). The plasmonic nanohole metasurfaces were 

also characterized by scanning electron microscopy (SEM, Zeiss, Sigma 500 Gemini). 

Heat and radiation sensing measurements: For direct heat sensing, the devices were heated 

from the bottom by a Labview-controlled Peltier element (22˚C-32˚C). The temperature of the 

top surface was monitored with a thermocouple. We measured the open circuit voltage of the 

devices using a Keithley 2182A nano-voltmeter.  

For radiation-induced heating, the devices were illuminated by a solar simulator (LCS-100, 

Oriel Instruments, 300 W Xe lamp, AM1.5G filter) calibrated to an irradiance of 1 Sun (1000 

W m-2). We used an optical beam shutter (SH, Thorlabs) to control light on and off states. Open 

circuit voltage outputs were measured using a Labview-controlled Keithley 2182A nano-

voltmeter. 
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Supporting Information is available from the Wiley Online Library or from the author 
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Figure 1. a) The composition of the pyroelectric material and schematic illustration of the 
pyroelectric device architecture. b) Voltage response (bottom panel) for a pure pyroelectric 
device during heat cycles from room temperature of 22°C to 32°C (top panel). c) The chemical 
composition of the ionic thermoelectric material and illustration of the iTE device structure. d) 
Thermal voltage response (bottom panel) for an iTE device upon repeated heating (top panel, 
full line) from the bottom of the substrate, from room temperature of 22°C to 32°C (same 
heating cycles as in (b) and (f)). The dashed line presents ΔT across the iTE material (varying 
between 0 K and 2.8 K). e) Schematic illustration of the combined pyroelectric and 
thermoelectric device (integrated pyro-iTE device). f) The change in voltage (bottom panel) 
over the pyroelectric layer for an integrated device during the same heating cycles (top panel) 
as used for the other devices. The three devices were all heated in the same way from the bottom 
substrate, with the temperature of the substrate-surface controlled by tuning the heating power.  
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Figure 2. a) Comparison of voltage response for a pure pyroelectric device (black) and an 
integrated pyro-iTE device (orange) upon heating. b) and c) Equivalent circuits of the pure 
pyroelectric device (b) and the integrated pyro-iTE device (c), where Cpyro is the capacitance of 
the pyroelectric layer, Rpyro is its resistance, Ipyro is the pyroelectric current induced by changes 
in temperature, ViTE is the thermal voltage generated over the iTE gel, and CiTE is the 
capacitance of the iTE gel. d) Sketch of the interactions between the pyroelectric and 
thermoelectric layers before heating (i), in the initial stage of the heating process (ii), and at 
equilibrium after prolonged duration of heating (iii). The heat was applied from the bottom of 
the devices. 
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Figure 3. a) Temporal (peak values) and stable (saturated values) voltage response for the 
integrated pyro-iTE device for different changes in temperature (see indications in the inset 
figure, the orange square shows the peak value and the dark blue circle shows the saturated 
value on the figure). b) Illustration of the tactile response test. c) and d) Voltage response of a 
pure pyroelectric device (black dashed line) and an integrated pyro-iTE device (orange solid 
line) during repeated application of pressure by a plastic material (c) and by a finger (d). The 
pressure was applied from the top of the devices, as illustrated in (b). 
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Figure 4. a) Schematic illustration of the plasmo-pyro-iTE device, with a plasmonic gold 
nanohole metasurface as bottom electrode. The green arrows in the P(VDF-TrFE) layer show 
the direction of polarization (negatively polarized). b) SEM image of a typical gold nanohole 
array working as the bottom electrode of the plasmo-pyro-iTE devices. c) Absorption spectrum 
of a plasmo-pyro-iTE device. d), f) and h) Light-driven open circuit voltage measurements of 
a plasmo-pyro device (d), a plasmo-pyro-iTE device with negatively polarized P(VDF-TRFE) 
(f), and a plasmo-pyro-iTE device with positively polarized P(VDF-TrFE) (h). e, g) and i) 
Results for multiple cycles of operation for each device, with duration of light on/off cycle 
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being 10 min in (e) and (g), and 5 s in (i). For simplicity, the plasmonic nanohole arrays in the 
bottom electrode are not included in the schematics in panels (d), (f) and (h). 
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SI 1. Poling the P(VDF-TrFE) Films 
The P(VDF-TrFE) copolymer film in the as-prepared pyroelectric device contains randomly 
oriented dipoles, leading to a zero-residual dipole moment over the film. In this condition, the 
P(VDF-TrFE) layer acts as a typical dielectric and it does not show pyroelectric effect upon 
heating. It is possible to align the dipoles by the so-called poling process, which is illustrated 
schematically in Figure SI 1a. Through the poling process, an electric field higher than the 
coercive field (100 Vµm-1) of the P(VDF-TrFE) copolymer film aligns the dipoles, providing 
the P(VDF-TrFE) copolymer with a residual spontaneous polarization. Figure SI 1b illustrates 
the experimental poling behavior of a pyroelectric device (750 nm thick P(VDF-TrFE) layer). 
The white arrows in the graph indicate the direction of the voltage sweep. The transient current 
peaks (at around ± 40 V) originate from the alignment of the dipoles and the formation of a net 
polarization over the film, which also remains after removing the bias voltage.[1]  
 

 
Figure S1. a) Schematic illustration of dipoles in P(VDF-TrFE) copolymer layer before and 
after the poling process, through which the dipoles in the polymer film become aligned. b) 
Cyclic voltammetry showing repolarization current as a function of bias voltage. The insets 
show the polarization direction of the dipoles in the PVDF-TrFE copolymer and how the 
polarization can switch 180° by applying an electric field higher than coercive field in opposite 
direction.   
 
SI 2. Pyroelectric Open Voltage Versus Temperature Rate Change 
Temperature rate change (dT/dt) and changes in open voltage between top and bottom electrode 
of a negatively polarized pyroelectric device, recorded during heat cycles between room 
temperature (22°C) and 32°C. As shown in figure S2, the transient voltage signals follow the 
temperature rate change. 
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Figure S2. Changes in open voltage of a pyroelectric device (negative polarization, red solid 
line) together with dT/dt (black dashed line) during several applied heat cycles. 
 
SI 3. Characterization of the Ionic Thermoelectric Gel 
As illustrated in the inset of Figure S3, a lateral structure was used to measure the Seebeck 
coefficient of the ionic thermoelectric (iTE) gel. Two gold electrodes separated by 1 mm were 
deposited on a glass substrate using shadow mask thermal evaporation. The gel was then drop-
casted on top of the electrodes. A pair of thermocouples at the bottom of the sample monitored 
the temperature difference (ΔT) between the two electrodes during heat cycles and the thermal 
voltage (ΔV) was measured using a Keithley 2182A nano-voltmeter (Figure S3 a). The Seebeck 
coefficient was extracted from the slope of the linear fit of ΔV versus ΔT (Figure S3b). 
 

 
Figure S3. a) Measured ΔT and ΔV of an iTE gel during temperature changes. b) ΔV versus ΔT 
and linear fit (dashed red line). The inset illustrates the measurement setup. 
 
SI 4. Capacitance and Surface Charge Density  
The pyroelectric device can be considered being a capacitor. The capacitance (C) of the 
capacitor formed by the two parallel metal electrodes separated by the P(VDF-TrFE) film can 
be expressed as: C = 𝜀𝜀0𝜀𝜀

𝐴𝐴
𝑑𝑑

 , where A is the area of overlap of the two electrodes, ε0 is 
the vacuum dielectric constant (ε0 ≈ 8.854×10−12 F⋅m−1), ε is the dielectric constant of P(VDF-
TrFE) (11.38), and d is the separation between the electrodes (the thickness of the P(VDF-
TrEF) film, 750 nm). The capacitance of our device is 13 nF/cm-2. When the pyroelectric device 
is subjected to a temperature change of 10 K, the measured maximum change in voltage is 
around 250 mV, corresponding to a change in charge density of Qpyro = Cpyro × Vpyro = 
3.25 nC/cm2. 

The electric double layer (EDL) charge density in the iTE part of the device can be 
calculated from QiTE = CEDL × Vthermal= CEDL × αi ΔT. Here, ∆T = 2.8 K, αi = 5 mV/K and CEDL 
of the Au electrode can be considered around 1µF/cm2. The resulting change in charge density 
is 14 nC/cm2. 
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SI 5. Measurement for an Integrated Device Without Aluminum Layer 
 

 
Figure S4. Measured Tchange (top panel) and ΔVpyro (bottom panel) for an integrated device 
without the aluminum layer (only Au) between the pyroelectric and iTE layers. 
 
SI 6. Thermoelectric Voltage for the Same iTE Gel on a Glass Substrate and on a 
Pyroelectric Device 
Two identical pieces of ionic thermoelectric gel were mounted on top of a pyroelectric device 
and on a glass substrate with gold electrode. Silver paste was used as top the electrode on the 
gel for both devices. During measurements, the temperature of the substrates (pyroelectric 
device or glass) was varied in cycles while monitoring the temperature difference and voltage 
across the gels. 

 
Figure S5. Comparison of the thermovoltage of the same type of ionic gel samples mounted on 
either glass (top panels) or on top of a negatively polarized pyroelectric device (bottom panels). 
a) Applied temperature changes. b) Measured ΔT across the iTE gel on glass substrate. c) ViTE 
of the sample on glass. d) ViTE of the ionic gel on top of the pyroelectric device. 
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SI 7. Control Measurements for Non-polarized Integrated Pyro-iTE Devices 
We prepared non-polarized integrated pyro-iTE devices and monitored changes in the open 
circuit voltages across the P(VDF-TrFE) layer (∆Vpyro) and across the iTE layer (∆Vpyro) during 
heat cycles (between 22°C and 32°C). As shown in figure S5a, ∆Vpyro shows no observable 
signals since there is no permanent dipole moment over the PVDF-TrFE. Thermoelectric 
response of the ionic gel on top of the nonpolarized pyroelectric device was only -7 mV (Figure 
S5b), which is significantly lower than that generated by the ionic gel on the polarized 
pyroelectric device.   

 
Figure S6. Results for control sample composed of iTE gel and depolarized PVDF-TrEF layer. 
a) Changes in open voltage over the pyroelectric device with non-polarized PVDF-TrFE during 
the heat cycles. b) Changes in open voltage over the iTE gel during heat cycling for the same 
device. 
 
SI 8. The Temperature Sensing Characterization of the Pyro-iTE Device. 
To investigate the response of the pyro-iTE devices upon different temperature changes, we 
measured the open circuit voltage of pyro-iTE devices under controlled heat cycles to different 
temperatures above 22°C (23˚C, 24.5˚C, 25.5˚C, and 26.5˚C). The results show that both peak 
and saturated values increase with increasing the temperature. 
 

 
Figure S7. Response of ΔVinte (green line) for different magnitudes of temperature changes 
(black dashed line). 
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SI 9. The Temperature Response of Positively Polarized Pyroelectric Device. 

 
Figure S8. ΔVpyro for a pyroelectric device with positively polarized P(VDF-TrFE) upon 
temperature changes. 
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