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Fig.2 Typical flexible detection materials based on PTE effect
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Fig.4 Different types of CNTs flexible THz PTE detectors. (a) Schematic diagram of polarization-sensitive carbon nanotube PTE

detector™; (b) photograph of the curved CNT film and optical microscopy image of horizontally aligned CNTs™;

(c) omnidirectional image taken by multi-view scan of a syringe (a breakage on the syringe is detected without bulky components
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Fig.5 CNT flexible PTE detectors for different applications. (a) Schematic diagram of high integrated m-shaped pixel structure™’;

(b) photo-induced voltage response as a function of the number of series PN junction of the present CNT film-based stretchable

device™; (c) non-destructive reflective multi-view stereoscopic photo-imaging inspection of capsules in a glass beverage bottle™;

(d) photos of stretchable broadband optical sensor array sheet™”!
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Fig.6 CNT PTE detectors that can be sewn on a Polo shirt™. (a) A carbon nanotube fiber detector sewn on the Polo shirt; (b)-(c) the
front and back of the detector, that is the outside and inside of the Polo shirt; (d) p™-p~ junction is located outside the Polo shirt,
while the p~-p” junction is hidden in the Polo shirt; (e) both ends of the detector are connected to an external circuit for measuring

the induced light voltage; () I-V characteristic curve, the curve moves upward under illumination
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Fig.7 CNT flexible PTE detector arrays fabricated with different alignment methods. (a) Schematic diagram of the self-aligned
filtration process™; (b) photograph of the all-printable CNT film flexible PTE imager™”; (c)-(d) a knife image obtained by CNT
flexible PTE imager™”
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Fig. 8 Graphene PTE detectors fabricated by different methods. (a) Schematic diagram (left) and experimental photo (right) show

photoresponse test of graphene flexible PTE detector, where the channel is composed of p-type (red) and n-type (blue)

graphenes™”; (b) schematic illustration of the electrical characteristic measurement for the graphene detector under strain™
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Fig. 9 Schematic diagram of a suspended RGO photodetector and the effect of annealing temperature on its photoresponse "’
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Fig. 11 Flexible PTE detectors based on different inorganic compounds. (a)—(c) Schematic diagram and flexibility test of Bi film
flexible PTE detector™”; (d) image of HfTe; photodetectors in a flexed state”"; (e) photovoltage of the flexible HfTe;device at

different bending radius”"’; (f) photoresponse of SnTe PTE detector after different bending cycles™
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Fig. 12 Cs;Cul flexible PTE detectors™. (a) Photo of flexible PTE detector array under UV irradiation; (b) photo of flexible PTE

detector array after bending; (c) process of imaging objects using detector array; (d) three-dimensional diagram shows the

photocurrent on each pixel of the PTE detector array
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Fig. 13 NbS, flexible PTE detectors"”. (a) Schematic of NbS,-based PTE detector in a flexed state; (b) photo of NbS,-based detector;

(c) air stability measurement of NbS,-based device
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Fig. 14 Ti,C,T, ink pen writes on different substrates'™. (a) Use a pen to draw pictures of four traditional Chinese plants on the surface

of fabric, PS foam, wood and PE foam; (b) photos of fabric chips based on the ink with different widths
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Fig. 15 Preparation process of thermoelectric fabric with double shell structure and demonstration of its flexibility and conductivity"
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Fig. 16 Flexible PTE detectors based on PDPP4T"". (a) Imaging the letters “PTE” with PTE detector array; (b) sensing image of the
array under 100 mW +cm ™’ light intensity; (c) photo of flexible PTE generator prototype; (d) output voltage and power of a
typical PTE generator under the dark environment and 100 mW -cm * white light intensity
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Fig. 17 Flexible PTE detectors based on PTII and TzQI-TDPP". (a) p-channel thiophene isoindigo based homopolymer PTII and

the synthesis of n-channel polymer TzQI-TDPP; (b) an illustration of PTE device configuration; (c) thin-film surface

temperature under 1700 nm NIR laser irradiation
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Fig. 18 Flexible PTE detectors based on [Cu,(Cu-ett) :PVDF". (a) Molecular structure of poly [Cu,(Cu-ett)] and PVDF;

(b) absorption spectra of three materials; (¢)-(e) schematic diagram of manufacturing process of PTE device
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Fig. 19 Flexible PTE detectors based on colloidal plasmonic gold nanoparticles”". (a) TEM image of Au NPs; (b) optical image of the

flexible Au NPs-coated PEDOT:PSS/Ag,Se hybrid PTE generators; (¢)-(d) voltage output of PEDOT:PSS/Ag,Se hybrid

optoelectronic devices coated with photothermal Au NPs prepared on polypropylene nonwovens
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Fig. 20 Flexible PTE detectors based on graphene/PANI composite. (a) Photovoltage response of graphene/PANI PTE detectors
under multiple excitation of finger spontaneous radiation (place the fingertip 3-5 mm away from the photodetector in each cycle
and move it vertically)™”; (b) flexible 8 pixel X 8 pixel detector array on PET substrate™”; (¢) schematic of the graphene/PEI

detectors"'”; (d) stable photocurrent of graphene/PEI detectors under multiple bending cycles" "™
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Fig.21 Flexible PTE detectors based on PBI/MWCNT!"". (a) Schematic for the PTE characterization of PBI/MWCNT

nanocomposite films under visible light irradiation and TEM image of PBI/MWCNT film; (b) time-dependent photothermal

temperature increase (AT,;), voltage generation (V,..), and electric current generation (A,y;) changes of the PBI/MWCNT

2

film at the edge under the visible light illumination with 520 nm and 8.87 W-cm ™~
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Table 1 Key performances of some representative flexible PTEs

Response

Material Wavelength Responsivity time D’/Jones NEP Ref.

CNT 40 pm-1.2 mm 20 nW-Hz 2 [28]

CNT 375 nm-118 pm 11.7-17 mA-W ! 70 ms 3.52X 10" [50]

CNT fiber /p"-p~ junctions 405 nm—96.5 pm 0.32V-W! 4.3% 10" 4.4nW-Hz V* [38]
LSG/CsPbBr, 405 nm—118 pm 10-135 mA-W ! 18 ms 1.6 10" 10 pW-Hz '* [53]
NbS, 375 nm-118.8 pm >14V-W! <7 ms >3.7x10° <12.1nW-Hz " [19]

PdSe, 4.6-10.5 pm 13V-W ~50 ps 6.7X10° 7nW-Hz * [20]

HiTe, 375 nm-118.8 pm >1V-W ! ~1ms =10’ 1.2nW-Hz "* [61]

SnTe 404 nm—-10.6 pm ~3.9mA-W ! ~80 ms ~1.3X10" [64]
Graphene/PANI 350-700 nm 25V-W! 6.8 107 ~1.1nW-Hz "* [110]
Graphene/PEDOT : PSS 2.5-25 pm 0.27V-W' ~20 ms 1.4 107 [106]

Notes: in different studies, due to different experimental methods, the units of responsivity are also different, so V-W "and A+W '

are both used.
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Abstract

Significance Flexible photothermoelectric (PTE) detectors have considerable research significance owing to their unique
characteristics, including flexibility and PTE properties.

Flexible PTE detectors have the characteristics of lightness, flexibility, and softness, allowing them to be attached directly to
irregular surfaces for continuous measurement of spatial information. They have considerable potential in the development and
fabrication of miniaturized energy equipment, virtual-reality interactive systems, and implantable medical devices, which have
application prospects in new energy, microelectronics, artificial intelligence, medical care, and other fields. They are also attractive
for use in wearable devices, as they offer several advantages over traditional rigid sensors. These detectors can be easily bent or
shaped to fit the contours of the human body, which allows comfortable and unobtrusive monitoring of physiological parameters.

Furthermore, the PTE properties of these detectors allow them to have ultra-broadband responses. In contrast to other types of
detectors, which are typically limited to a specific wavelength range, PTE detectors can detect light across a wide range of
wavelengths, from ultraviolet to terahertz. This makes them highly versatile and useful for various applications, including
spectroscopy, imaging, and sensing. Another advantage of PTE detectors is their high speed. The PTE response breaks the limit of
the low response speed of traditional thermal detectors by introducing hot carrier-assisted heat conduction. This fast response makes
PTE detectors well-suited for applications that require rapid detection, such as high-speed imaging and sensing. Additionally, they
can operate under zero-bias and room-temperature conditions, which makes them convenient and cost-effective to use. In contrast,
other types of broadband detectors, such as bolometers, typically require a bias voltage to operate and may require cooling to achieve
optimal performance.

Overall, the research into flexible PTE detectors has significant implications for the development and applications of novel
electronic devices. In the past 20 years, the field has continued to advance, and there has been a large amount of research on new
types of flexible PTE detectors. However, they face a series of challenges related to detection performance and manufacturing process
improvement. Therefore, it is necessary to provide an overview of flexible PTE detectors to lay the foundation for the development of

flexible optoelectronic technology.

Progress In this review, we first describe the key parameters of flexible PTE detectors, including the responsivity, response time,
cutoff frequency, noise equivalent power, and specific detectivity. Then, we summarize the research progress of flexible PTE
detectors with detection wavelengths ranging from visible to terahertz and introduce the exploration, application, and optimization
mechanism of carbon materials and inorganic and organic compounds with flexible properties in the field of PTE detection. Suzuki’s
research group made significant contributions to the application of CNTs in flexible PTE detectors (Fig. 4). They developed a variety
of flexible CNT-based PTE detectors for different use scenarios (Fig. 5) and applied them to detect terahertz light (Fig. 7). In addition
to CNTs, many other new materials, such as reduced graphene oxide (Fig. 10), topological insulators (Fig. 11), transition-metal
halide (Fig. 12), quasi-one-dimensional materials (Fig. 13), MXenes (Fig. 14), and PEDOT (Fig. 15) have been studied and applied to
flexible PTE detectors and have exhibited good performance. Combinations of conducting polymers and carbon materials for flexible
PTE detectors have been widely studied in recent years. Studies on graphene/PANI, graphene/PEI (Fig. 20), and PBI/MWCNTs
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(Fig. 21) indicated that it is easier to prepare high-performance flexible PTE detectors by combining these materials than by using them
alone. Finally, the problems faced and the ongoing research trends in this field are discussed, including methods for improving the
detector performance, the evaluation criteria for flexibility, and the manufacturing and human compatibility problems in practical
applications.

Conclusions and Prospects Flexible PTE detectors can revolutionize the field of photodetectors. We expect that they will
become increasingly important—particularly in the development of wearable devices and other flexible electronics. We expect to see
further advancements in these detectors, including improvements in sensitivity, response time, and reliability. To achieve these goals
and promote the practical application of flexible PTE detectors, it is necessary to explore new materials, design the detector

structure, and formulate unified evaluation standards.

Key words detector; flexible materials; wearable devices; infrared; terahertz

2300001-22



	1　引　　言
	2　光热电探测器的原理和性能指标
	2.1　光热电探测器的原理
	2.2　光热电探测器的性能指标

	3　碳材料柔性光热电探测器
	3.1　碳纳米管柔性光热电探测器
	3.2　石墨烯柔性光热电探测器

	4　无机化合物柔性光热电探测器
	5　有机材料柔性光热电探测器
	6　有机无机复合材料柔性光热电探测器
	7　柔性光热电探测器性能分析
	8　结束语

