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Ferroelectric materials have demonstrated excellent photovoltaic effects in order to scavenge light 

energy under illumination. However, the ability to achieve simultaneously both a high 

photocurrent and output voltage from ferroelectric materials remains a challenge. Herein, a 

ferroelectric BaTiO3-based photovoltaic-pyroelectric coupled effect flexible photodetector system is 

presented to detect light and heat simultaneously and significantly boost their photocurrent. The 

devices offer a low cost and scalable route for directly converting light and heat into electricity 

while being able to operate without the need for any external power source. As compared with 

photovoltaic effect, the corresponding coupled current peak and plateau were 451.9 % and 17.2 % 

higher than under light alone due to the photovoltaic-pyroelectric coupled effect, respectively. The 

enhanced performance can be explained by a photovoltaic-pyroelectric coupled effect with induced 

energy band bending. As a demonstration of its application, we designed a self-powered flexible 

photodetector system that is suitable for detecting and recognizing light intensities and 

temperature variations by recording the electrical signals as a mapping figure. 
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With the urgent demand for clean and sustainable new energy, it is critical to develop low power 

micro/nano sensors and self-powered nano devices1-6. For this reason, a variety of devices have been 

explored based on the photovoltaic effect7-9, pyroelectric effect10-12, thermoelectricity13-15 and 

piezoelectricity16-18 in order to directly convert light energy, temperature differences, thermal energy and 

pressure into electrical energy. Significantly, ferroelectric materials, such as BiFeO3 (BFO) 19-21, 

Pb(Zr,Ti)O3 (PZT) 22,23, BaTiO3 (BTO) 24-26, and LiNbO327-29 have been reported to make important 

progress in heat, light, and pressure detection in recent years. However, the majority of such devices can 

only convert a single source of energy into electrical energy, resulting in more expensive and the lower 

power conversion efficiencies, which has greatly influenced and limited a wide application in many fields 

such as public security, wearables, robotics and internet of things. Thus, it is necessary to develop 

multifunctional devices that are able to harvest multiple sources of energy simultaneously. Our group has 

investigated BTO material devices under light illumination due to photovoltaic-pyroelectric coupled 

effect30 and conjuncted pyro-piezoelectric effect31 for self-powered simultaneous temperature and 

pressure sensing. However, there has been no reports to date on the enhancement of the photocurrent in 

BTO materials by photovoltaic-pyroelectric coupled effect for self-powered flexible photodetector 

systems. Such devices are of interest to detect light and environmental temperature changes for 

simultaneous multi-signal sensing and exploit light-temperature coupled electricity.   

      Herein, we present a self-powered flexible photodetector system based on photovoltaic-pyroelectric 

coupled effect using a ferroelectric BTO ceramic sheet as the sensor unit for detector the 405 nm light 

intensity and temperature without using external power source. A BTO ceramic sheet with the light-

facing side of indium tin oxide (ITO) electrode and the other side is Ag electrode. A soft kapton 

membrane allows the device to be flexible and integrated, providing potential applications in the field of 

wearable electronics, environmental sensors and artificial intelligent sensors. The system not only can be 

used to detect individual sources light and temperature accurately, but is able to respond to light and 

temperature simultaneously.  The output voltage of 16 ITO/BTO/Ag sensing units were simultaneously 

recorded as a mapping image in real time. Under a light intensity of 7.78 mW/cm2 and a heating 

temperature of 22.1 K, the photodetector is able to generate a coupled current peak was 451.85 % higher 

than by illumination alone due to the photovoltaic-pyroelectric coupled effect. In addition, under a light 

intensity of 7.78 mW/cm2 and a cooling temperature of -14.5 K, the photodetector can generate a coupled 

stable current plateau that is enhanced by 17.16 % after utilizing a cooling temperature variation. 

Moreover, the output voltage signals of 4×4 matrix of ITO/BTO/Ag device array were simultaneously 

recorded in real time as a mapping figure. The single source or coupled information can be determined by 

analyzing the self-generated electric signals and this novel form of self-powered flexible photodetector 

system provide new approaches for rapid and accurate detection of light-temperature coupled signals.  
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A schematic of the fabricated ITO/BTO/Ag photodetector under simultaneous light illumination and 

temperature variation is shown in Fig. 1a, which consists of an upper transparent ITO electrode, a BTO 

ceramic sheet and a lower Ag electrode. Fig. 1b presents BTO particles with a diameter of approximately 

50-100 nm prior to sintering, and the corresponding scanning electron microscopy (SEM) image at low 

magnification is shown in Supplementary Fig. 1a. After sintering processing at 1200 °C, the X-ray 

diffraction patterns (Supplementary Fig. 1b) indicate that the BTO ceramic sheets have an orthorhombic 

phase, which provides the materials with a spontaneous polarisation. The surface and cross-sectional 

SEM images of BTO ceramic sheets shows that the average grain size of the sample was 140-400 nm and 

the structure of specimen was compact and dense; see Supplementary Fig. 1c-1f. Figs. 1c and 1d show a 

photograph and SEM image of the fabricated devices which acts as the base unit for the self-powered 

flexible photodetector system, having a diameter of approximately 8 mm and a thickness of ~200 μm, 

respectively. The measured piezoelectric coefficient d33 of fabricated device was 310 pC/N after poling 

by applying an electric field of 2.3 kV/mm in a silicone oil bath at room temperature. 

Fig. 2a shows the output current signals of the device under 405 nm illumination with different light 

intensities, where the current peaks and current plateaus signals can be increased from 5.4 to 43.2 nA and 

from 5 to 40 nA on increasing the light intensity from 7.78 to 127.6 mW/cm2, respectively. As depicted 

in Fig. 2b, a sharp current peak followed by a stable plateau can be seen under simultaneous light 

illumination and heating temperature variation. The current peaks and current plateaus signals of 

photovoltaic–pyroelectric effect coupled can be increased from 29.8 to 69.7 nA and from 4.46 to 35 nA 

on increasing the light intensity from 7.78 to 127.6 mW/cm2 and temperature variations with a heating 

temperature change of △T = 22.1 K, respectively. Compared with Figs. 2a and 2b, it can be seen that the 

current peak and current plateau signals from the photovoltaic–pyroelectric coupled effect increases with 

increasing light intensity, but the current plateau is smaller compared to conditions of individual light 

illumination. In addition, the output current signal of the device under simultaneous light illumination 

with intensities ranging from 7.78 mW/cm2 to 127.6 mW/cm2 and a cooling temperature change of △T = 

-14.5 K are illustrated in Fig. 2c. The current peak signal due to the photovoltaic–pyroelectric effect 

coupling decreases from -19.2 to -12 nA but the current plateau signals are increased from 5.9 to 44.9 nA 

on increasing the light intensity from 7.78 to 127.6 mW/cm2 at the same cooling temperature variations. 

The result indicates that the current plateau signals can be dramatically enhanced by use of a cooling 

temperature variation. Figs. 2d and 2e displays the change of photocurrent peak signals/signal 

enhancement ratio and photocurrent plateau signals/signal enhancement ratio under different conditions, 

respectively. These results show that a heating temperature variation can be used to enhance the output 

current peak signal and a cooling temperature variation can be utilized to increase the current plateau 

signal of the fabricated ITO/BTO/Ag device. Under a light intensity of 7.78 mW/cm2, the device under 

simultaneous 405 nm light illumination and a heating temperature variation (△T = 22.1 K) can generate 
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a coupled photocurrent peak that was 451.85 % higher than light alone due to the photovoltaic-

pyroelectric coupled effect (Fig. 2d). Interestingly, the output coupled photocurrent plateau of the device 

can be enhanced by 17.16 % by utilizing a cooling temperature variation (△T=-14.5 K) when compared 

with the photocurrent of the device under individual light illumination (7.78 mW/cm2). It is worth noting 

that the enhancement ratios of the photocurrent decrease with increasing light intensity. The 

corresponding output voltage signals and enhancement ratios of the devices under individual 405 nm 

light illumination and simultaneous light-temperature variation also follow a similar pattern, as seen in 

Supplementary Fig. 8.  

To confirm that the output electrical signals of the device are caused by the photovoltaic or 

pyroelectric effects, the output voltage and current signals were measured under individual periodically 

light illumination and heating and cooling conditions, see Supplementary Fig. 2. Under a forward 

connection, a positive voltage/current signals were observed under a 405 nm light intensity of 127.6 

mW/cm2 (Supplementary Figs. 2a and 2b). By reversely connecting the device to the measured system, 

opposing polarity voltage/current signals were observed under the same light intensity (Supplementary 

Figs. 2c and 2d). In addition, the voltage/current signals of the device were observed to periodically 

change under cooling  (△T=-14.5 K) (Supplementary Figs. 2e and 2f) and heating (△T=22.1 K) 

conditions, as seen in Supplementary Figs. 2g and 2h. The relevant mechanism of the fabricated 

ITO/BTO/Ag device is based on the thermally induced random oscillation of the dielectric dipoles 

around its equilibrium axis at room temperature (Supplementary Fig. 3a). On heating, the temperature of 

the device increases and the random oscillation state of the dielectric dipoles at room temperature is 

disturbed, resulting in greater oscillation to a larger degree around their respective symmetry axes and the 

total average spontaneous polarization is decreased and the induced charges at the electrode are reduced, 

resulting in a flow of electrons from the ITO electric to the Ag electrode (Supplementary Fig. 3b). Thus, 

a positive pyroelectric voltage/current is observed (Supplementary Figs. 2e and 2f). Under cooling 

conditions, the dielectric dipoles oscillate to a smaller degree around their respective symmetry axes and 

the corresponding spontaneous polarization is increased, resulting in a flow of electrons from the Ag 

electrode to the ITO electrode (Supplementary Fig. 3c). Therefore, a negative pyroelectric voltage/current 

is observed (Supplementary Figs. 2g and 2h). Based on the pyroelectric effect, the pyroelectric 

performance of the polarized BTO device are illustrated in Supplementary Fig. 4-6. The periodic heating 

conditions from 3.0 to 22.1 K in Supplementary Fig. 4a are applied using a semiconductor heater. The 

positive voltage/current peak signals can be increased from 0.13 to 0.79 V/ 3.8 to 25.1 nA which 

correspond to heating variations shown in Supplementary Fig. 4b and Supplementary Fig. 6a, 

respectively. In addition, the periodic cooling conditions from -2.4 to -14.5 K in Supplementary Fig. 5a 

are applied by using a semiconductor cooler. The negative voltage/current peak signals are increased 

from -0.11 to -0.67 V/ -3.9 to -22.3 nA, which correspond to the cooling variations displayed in 
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Supplementary Fig. 5b and Supplementary Fig. 6c, respectively. Supplementary Fig. 6b presents infrared 

images of the device surface in the different heating (top) and cooling (bottom) temperatures. The 

calculated charge densities and pyroelectric coefficients (Pc) of different temperature variations of the 

ITO/BTO/Ag device are shown in Fig. S6d and S6e. As a result of the increased temperature variations 

in device, the calculated charge densities are gradually enhanced. When the heating temperature 

increased from 3.0 to 22.1 K, the charge density increases from 63.4 to 513.5 nC/cm2, and the cooling 

temperature increased from -2.4 to -14.5 K, the charge density increases from -68.4 to -577.3 nC/cm2. 

The corresponding pyroelectric coefficients of the device can be calculated to be approximately13-19 

nC/cm2K (heating) and 22-42 nC/cm2K (cooling), respectively. 

To evaluate the sensitivity of device to 405 nm light illumination, the photoconductive gain (G), 

responsivity (R) and specific detectivity (D*) were calculated from Supplementary Figs. 7a and 7b. The 

G2, R2 and D*2 derived from photovoltaic-pyroelectric coupled effect showed larger values than G1, R1 

and D*1 that obtained from photovoltaic effect, which were initially quickly increased and then became 

stable with increasing 405nm light intensity. However, G1, R1 and D*1 exhibited a decreasing tendency 

with increasing light intensity. Under light illumination of 7.78 mW/cm2, the values of G2, R2 and D*2 

were approximately 5.5 times larger than G1, R1 and D*1. Moreover, under light illumination of 126.7 

mW/cm2, the values of G2, R2 and D*2 were approximately 1.6 times larger than G1, R1 and D*1. We also 

investigated the response time of the device to 405 nm light illumination of 127.6 mW/cm2 

(Supplementary Figs. 7c and 7d), which clearly shows that the device exhibits a good photo-response 

component with a rise time of 0.88 s and a fall time of 1.06 s, where the time was calculated between 

10 % and 90 % of the output photocurrent signal when the light was turned on and off, respectively. 

Fig. 3a shows a schematic of the device’s voltage measurement with a 100 MΩ loading resistance. 

To further clarify the effect of photovoltaic-pyroelectric coupled effect on the output electrical signals, 

we measured the photovoltage signals of the device under individual light illumination (127.6 mW/cm2), 

heating (△T=22.1 K), and simultaneous light-heating states, as displayed in Fig. 3b. It can be seen that 

the photovoltage under conditions of simultaneous light-heating is not a simple superposition of the 

photovoltage signals under individual light and heating conditions. When compared with individual light 

illumination, the photovoltage plateau can be decreased due to the coupling of light and heating. When 

compared with individual light (127.6 mW/cm2) and cooling (△T=-14.5 K) conditions, the coupling 

enhancement of the photovoltage plateau can be clearly observed under the simultaneous application of 

light and cooling on the device, as illustrated in Fig. 3c. The corresponding photocurrent signals and 

photovoltage/photocurrent signals under different light intensities from 127.6 to 7.78 mW/cm2 on the 

device exhibit a similar change (Supplementary Fig. 9-12). Supplementary Fig. 13 presents a comparison 

of the measured output voltage plateau (Supplementary Fig. 13a) and current plateau (Supplementary 

Fig. 13b) under the different light illumination intensities due to the photovoltaic-pyroelectric coupled 
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effect (Supplementary Fig. 9-12). We found that the photovoltage plateau can be increased from 0.16 to 

0.76 V when the light intensity increased from 7.78 to 127.6 mW/cm2. The light-heating coupled 

photovoltage plateau can be increased from 0.14 to 0.52 V and light-cooling coupled photovoltage 

plateau can be increased from 0.19 to 0.92 V, respectively (Supplementary Fig. 13a). Under the same 

light intensity, the corresponding photocurrent plateau signals of the device shows the decreasing order 

among light-cooling, individual light and light-heating. This behavior for the enhancement of 

photocurrent plateau in Supplementary Figure 11b can be understood due to the photovoltaic-pyroelectric 

coupled effect on the energy band structures of the device, as depicted in Supplementary Fig. 3d-3g. The 

device has a ITO/BTO/Ag structure, which can be regarded as a BTO layer sandwiched between two 

back-to-back Schottky barriers each interface. After the BTO layer was polarized, the negative and 

positive polarized charges can increase and decrease the Schottky barrier height at the BTO/ITO and 

BTO/Ag interfaces, respectively. As shown in Fig. 3e, the 405 nm illumination-induced electron and hole 

pairs can be effectively separated by the left Schottky barrier to produce the photocurrent signals that are 

detected. When the device is subjected to combined light and heating, the polarized charges of the BTO 

layer are decreased, resulting in a reduction of the left Schottky barrier height. Moreover, the right 

Schottky barrier height is increased due to the decrease of positive polarized charges in the BTO, as 

shown in Fig. 3f. The reduction of the left Schottky barrier height acts to weaken the effective separation 

of light-induced electron-hole pairs, and the increased Schottky barrier height at the right interface is 

detrimental to the flow of electrons from BTO to the right Ag electrode, resulting in the decrease of the 

photocurrent plateau. However, when the device is combined light and cooling, the polarized charges of 

BTO layer are increased, resulting in an increase of the left Schottky barrier height, which is more 

effective to separate the light-induced electronhole pairs. Meanwhile，a decrease of the right Schottky 

barrier height will act to promote the flow of electrons from BTO to the right Ag electrode. Therefore, 

the photocurrent plateau can be effectively enhanced by the coupling of both light and cooling in the 

device. 

To better research the potential application of signal ITO/BTO/Ag device, a self-powered flexible 

photodetector systems was designed by using a 4×4 photovoltaic-pyroelectric sensing matrix of 

ITO/BTO/Ag devices and a kapton film, the 4×4 ITO/BTO/Ag arrays attached to the kapton film were 

integrated together and were flexible, as illustrated in Fig. 4a-4c and Supplementary Fig. 15. The flexible 

photodetector system is able to bend at different radians to adapt to the changing testing position (Figs. 

4b and 4c). More importantly, 16 units with two Cu wires each one was connected to a multichannel data 

acquisition system to collect real-time sensing data. The voltage-time curves of 16 channels induced by 

the 405 nm light (127.6 mW/cm2) are demonstrated in Fig. 4d. The record voltage plateau range is 0.58-

0.77 V, indicating that each unit of the photodetector system has good stability and presented similar 

voltage signal as the light on/off. Moreover, Fig. 4e and Supplementary Fig. 16 displays the V-t curves 
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when 405 nm light illumination was applied on 4×4 ITO/BTO/Ag arrays through a mask with a “N” (Fig. 

4e), “U” and “O” shape on it. The corresponding mapping images are presented in Supplementary Fig. 

17. The results show that the channels that receive light have normal output voltage signals, while the 

blocked channels do not detect signals. In addition, each unit of the photodetector systems shows good 

pyroelectric properties, see Supplementary Fig. 18, and photovoltaic-pyroelectric coupled properties, 

Supplementary Fig. 19, where the output voltage of each ITO/BTO/Ag unit increases with increasing 

light intensity from 31.7 to 127.6 mW/cm2 (mask with “N”) and the output voltage exhibits a linear 

relationship with the light intensity.  In addition, the output signal of each ITO/BTO/Ag unit is 

independent, and no interference was observed from neighboring units, indicating the dependability of 

the flexible photodetector systems (Supplementary Fig. 20).  

Fig. 5 illustrates the output voltages and the mapping images of photodetector system using a mask 

with “N” shape on it under ‘no light’, ‘light only’, ‘light + heating’ and ‘light + cooling’ conditions. As 

shown in Fig.5a and 5c, the channels with an open area record photovoltaic-pyroelectric coupled signals, 

but the sheltered channels only exhibit a pyroelectric response. According to the four conditions, the 

voltage-curves and mapping images of the self-powered flexible photodetector systems can be divided 

into four stages as follows: In the stage Ⅰ, all the ITO/BTO/Ag units show green color in the mapping 

figure with no light applied, corresponding to the blue line labelled "Ⅰ" in Fig. 5a where no output signals 

were observed. In the stage Ⅱ, on illuminating the device with light, a clear color change was observed on 

the non-masked areas, while the masked areas maintained the same green color. Under simultaneous light 

illumination and heating temperature variation conditions, the lowest voltage plateau is obtained in the 

non-masked channels (stage Ⅲ). While the highest voltage plateau is recorded in non-masked channels of 

the photodetector system under simultaneous illumination by light and  acooling temperature variation 

conditions (stage IV). The result indicate the voltage plateau of system under individual light (Ⅱ) higher 

the light + heating (Ⅲ) and lower light + cooling (IV) conditions. Moreover, the designed self-powered 

flexible photodetector system has good stability and repeatability under different conditions, as illustrated 

in Supplementary Fig. 21-24. 

In conclusion, our findings demonstrate a novel photovoltaic-pyroelectric simultaneous sensing 

system using highly responsive ferroelectric BTO sheets. Under light illumination and cooling 

simultaneous, the fabricated flexible photodetector system delivers an enhancement of current/voltage 

plateau signals due to a photovoltaic-pyroelectric coupled effect. The corresponding photoconductive 

gain, responsivity and specific detectivity of the photodetector can be enhanced by over 160 % at a light 

intensity of 127.6 mW/cm2 as compared with that by utilizing photovoltaic effect. A 4×4 matrix of self-

powered photodetector system has been utilized to achieve ambient light illumination and temperature 

variations detection by real-time recording the output voltage signals of 16 ITO/BTO/Ag units as a 

mapping figure. The ferroelectric BTO materials with photovoltaic-pyroelectric coupled effect present a 
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great potential application for future technologies such as wearable electronics, environmental sensors 

and artificial intelligent sensors. 
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Methods  
Preparation of BTO ceramic sheets. Several drops of PVA-water solution (2 wt. %) were completely 

mixed with 0.3g BTO nanoparticles. Then, the obtained fine powder was transferred to a stainless steel 

mould with a diameter of 10 mm, and it was pressed into disks of 10 mm in diameter under a pressure of 

2.5 MPa with a powder compression machine. Afterwards, BTO sheets were sintered at 650 °C for 1 h to 

eliminate the PVA binder and then sintered at 1200 °C for 2 h in a muffle furnace.  

Fabrication of the devices. Initially, a thin layer of Ag electrode was sputtered on the two surfaces of 

the prepared BTO ceramic sheets by a magnetron sputtering system (Beijing jinshengweina technology 

Co. MSP-820). Then, the Ag/BTO/Ag devices were poled for 30 min under an applied electric field of 

2.3 kV/mm in silicone oil bath at room temperature. Finally, by removing one Ag electrode and polishing 

the BTO ceramic sheet to a thickness of ~200 μm, an ITO electrode was deposited on the polished side 

by RF magnetron sputtering for 15 min under power of 150 W. The 4×4 matrix flexible photodetector 

system was constructed by a 16 ITO/BTO/Ag devices and a piece of 50×50×0.03 mm kapton 

membrane. 
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Characterizations and Measurements. SEM images were obtained using a field-emission scanning 

electron microscope (Hitachi SU8020). The crystal structure of BTO nanoparticles was identified by an 

X-ray diffractometer (Panalytical X’pert3 powder), using Cu Kα radiation. The temperature was 

measured by infrared thermometer (Optris PI400). The output voltage and current signals of the devices 

were measured by a low-noise preamplifier (Stanford Research SR560) and a low-noise current 

preamplifier (Stanford Research SR570), respectively. The output voltage signals of the 4×4 matrix of 

ITO/BTO/Ag device array were measured by a multichannel data acquisition system (National 

Instruments NI PXle-1082). 

Data availability	
The data that support the plots within this paper and other finding of this study are available from the 

corresponding author upon reasonable request. 
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FIGURES 
 

 
 

Fig.1 ǀ Characterization of the ITO/BTO/Ag photodetector. a，Schematic of the fabricated device. 

b，SEM image of the BTO particles. c，Photograph of a single ITO/BTO/Ag device. d，Thickness of 

the fabricated device observed by SEM.  
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Fig.2 ǀ Performance of ITO/BTO/Ag photodetector. a， Output current signals of the device under 

405 nm illumination with light intensities ranging from 7.78 mW/cm2 to 127.6 mW/cm2. b,c, Output 

current signals of the device under simultaneous light illumination with intensities ranging from 7.78 

mW/cm2 to 127.6 mW/cm2 and temperature variations with a heating temperature change of △T = 22.1 

K (b) and a cooling temperature change of △T = -14.5 K (c). d, Comparison of the measured output 

current peak and current peak enhanced ratios of the devices under the different light illumination 

intensities due to the photovoltaic-pyroelectric coupled effect; e, Comparison of the measured output 

current plateau and plateau enhanced ratios of the devices under the different light illumination intensities 

due to the photovoltaic-pyroelectric coupled effect. 
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Fig.3 ǀ Schematic diagram, measured voltage signals under photovoltaic-pyroelectric coupled effect 

and energy band structures of the device.  a, Schematic of the device’s voltage measurement. b, 

Measured output voltage signals of the device under the individual 405 nm light illumination (127.6 

mW/cm2), simultaneous light illumination and temperature variations with a heating temperature change 

of △T = 22.1 K and the individual heating conditions. c, Measured output voltage signals of the device 

under the individual 405 nm light illumination (127.6 mW/cm2), simultaneous light illumination and 

temperature variations with a cooling temperature change of △T = -14.5 K and the individual cooling 

conditions. d-g, Schematics of the energy band structures of the device: (d) Before polarization. (e) 

Under 405 nm light illumination after polarization of the device. (f) Under simultaneous 405 nm light 

illumination and heating conditions after polarization of the device. (g) Under simultaneous 405 nm light 

illumination and cooling conditions after polarization of the device. 
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Fig.4 ǀ ITO/BTO/Ag device array as self-powered flexible photodetector system and output V-t 

curves under 405nm light illumination. a, Schematic of the fabricated 4×4 matrix of ITO/BTO/Ag 

photodetector system. b, Photograph showing the self-powered flexible photodetector system under 405 

nm light illumination in the bent state. c, Photograph of the self-powered flexible photodetector system 

attached on a cylindrical acrylic pipe under 405 nm light illumination to demonstrate flexibility. d,e, 

Voltage-time curves of the self-powered photodetector system under 405 nm light illumination (127.6 

mW/cm2) through all channel (d) and a letter of “N” (e).  


