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Abstract. Inorganic photodetectors are widely used in the biomedical field due to their excellent performance such as high 

sensitivity. However, disadvantages such as rigidity and low biocompatibility make inorganic devices difficult to work 

with wearable devices. Therefore, organic photodetectors (OPDs) have become a hot research topic in recent years due to 

their advantages of flexibility and customization. The development of OPDs in biomedical fields is moving from the 

laboratory to practical applications, including but not limited to full spectrum recognition sensors, implantable health 

monitoring systems for the human body, and even devices for enhancing vision in the eyes. This article has mainly 

introduced some new materials which can be used as various components of OPDs, including the active layer, electrodes, 

substrate and other functional structures. The following part of the article focused on the topic of device integration and 

external circuits, showcasing their performances and related applications of OPDs integrated with LEDs and OFETs 

respectively. 

INTRODUCTION 

After the photoelectric phenomenon was discovered by German physicist Hertz in 1887 and the correct explanation 

was proposed by Einstein in 1905, phototubes (vacuum tubes) and photoconductive materials (such as selenium) 

gradually became practical. Before the 18th century, doctors had got low degree of accuracy and non-real time 

monitoring of blood flow, blood oxygen, and other parameters about human body only relying on traditional methods 

of mechanical or chemical means. At present, due to the non-invasive and precise characteristics, photodetection has 

gradually become one of the indispensable technologies for qualitative and quantitative judgment in the field of 

medical diagnosis. Optical analytical instruments based on different spectral bands are also widely used, such as Pulse 

Oximeter, optical coherence tomography, OCT, Raman scattering, and so on. Some photodetection applications can 

date back to twentieth century, for example, photodetection was used to fluorescently label and even therapy tumors 

through attached to the hematoporphyrin and porphyrins molecules in 1950s [1]. 

Organic photodetectors (OPDs) have gradually drawn much attention to researchers for manufacturing novel 

photodetectors. Inorganic photodetectors, mainly single elements such as Silicon (Si), Germanium (Ge), or InGaAs, 

InGaN and other III-V compound materials have the disadvantages of small detection range for different wavelengths 

of light and brittleness stemming from high intensity. Furthermore, most of their structures have complex 

manufacturing processes and their raw materials are rare metals, which might be toxic and cannot achieve large scale 

commercial processes. The counterpart part, OPDs show versatile potential due to their excellent flexibility, wide 

variety, and bendability, which make them flourish in applications that associated with the human body. The structure 

of OPDs can be altered in various ways, such as molecular weight, different groups, configurations, etc. Therefore, 

the band gap of OPDs can change with transformations in functional groups and spatial structure. More importantly, 

organic detectors have higher biocompatibility in the fields of human health and pharmaceutical safety, making them 

suitable for long-term exposure to the human body and even implantation into an organism.  

However, OPDs have some drawbacks at the same time caused by their intrinsic properties, such as poor 

environmental stability leading to performance degradation, low carrier mobility resulting in slow response rates, and 
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irregular crystal defects bringing about high dark currents. In the future, these limitations need to be overcome through 

different measurements, such as material innovation (stabilizing non fullerene acceptors by side-chain engineering), 

packaging technology upgrades (atomic layer deposition (ALD) for forming films), and process optimization (using 

Run-to-Run (R2R) standardization) [2,3]. 

The materials of OPDs are usually based on polymers and small molecules, and the processing methods are more 

flexible and easier compared to inorganic photodetectors. The various components of OPDs are mainly manufactured 

by low-cost solution processing method and vapor deposition method which is suitable for multi-layer structures: 

solution processing methods mainly includes spin coating, inkjet printing, blade coating, etc., which are easy to operate 

but suffer from serious losses. The vapor deposition method mainly uses physical methods such as hot and press or 

other chemical methods to deposit organic layers on the substrate surface, which is suitable for high-precision device 

manufacturing and the formation of complex patterned surfaces [4-6]. Other special processes such as 3D printing and 

electrochemical deposition have also been studied [7].  

In this work, we have discussed the materials acted as different roles in various structures of OPDs used in the 

biomedical field in recent research as well as their enhancement of detector performance. Subsequently, the 

performances and applications of OPDs integrated with other photo-devices have also been introduced. 

MATERIALS 

In biomedical applications, OPDs must fulfill specific criteria, including high sensitivity, biocompatibility, 

flexibility, low toxicity, and environmental stability. Organic materials including polymers, oligomers and small 

molecules act as active layers mostly, as well as serve as electrodes and other specialized functional layers incorporated 

into the overall structure of photodetectors. The following will explore the latest research progress around these parts. 

Electrode 

The electrode serves as a collection terminal for charge carriers (electrons and cavities), ensuring the effective 

export of photogenerated charges to external circuits. In special construction, organic phototransistors (PT-OPDs), the 

gate electrode also forms an electric field by applying an external bias voltage, driving exciton separation and 

accelerating carriers’ migration towards the electrodes. 

 
FIGURE 1. Three novel electrodes have been reported. (a) stacked ZnO electrode; (b) flexible CNT electrode; (c) PH1000 

electrode [8-10]. 
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In biomedical applications, electrodes need to be able to withstand mechanical stress such as bending and 

stretching without breaking or conductivity decreasing. Traditional indium tin oxide (ITO) materials are not suitable 

for implantation or wearable scenarios due to their high brittleness. Therefore, Jiang W. et al. fabricated carbon 

nanotubes (CNT) transparent electrodes shown in Fig. 1 (b)[8]. Due to the trade-offs between transparency and 

conductivity of CNT materials, the team calculated and selected the density of showing an average visible transmission 

(AVT) of 90% in the visible light range as the optimal packing density and conducted performance comparison 

experiments with ITO materials and commercial poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate) 

(PEDOT: PSS) materials. The dark current of the CNT is very weak, with a detection rate surpassing 1014 Jones under 

-1 V bias. At the same time, in the 500 bending tests, CNT also maintained 80% of its performance. 

Electrode materials must be harmless to the human body and not trigger immune reactions or toxicity. Traditional 

Ag electrodes may release a large amount of Ag+ ions, causing cytotoxicity. Yan T. et al. introduced PH1000 instead 

of the material of top, bottom electrode ITO, Ag, forming a vertical multi-layer structure, which can detect changes in 

blood vessel volume and the overall health of the human body [9]. PH1000 film has extremely high transparency and 

maintains its original resistance value in bending experiments from 0° to 180° shown in Fig. 1 (c). It is worth noting 

that the polarity and magnitude of the photocurrent of the battery will change with the folding angle of this all-organic-

constituent photodetector, which may have potential applications in the field of motion detection. 

In body fluids or humid environments, electrode materials should not be easily corroded or oxidized and maintain 

long-term stable performance. However, currently widely used organic electrodes have disadvantages such as easy 

degradation and short service life. Considering the inorganic oxide materials that are not easily decomposed, Chen Z. 

et al proposed a strategy to improve the performance of ZnO electrodes made by sol-gel method [10]. The team used 

ultraviolet irradiation and sequential deposition strategy to grow multi-layer stacked ZnO to enhance its conductivity 

while maintaining transparency requirements. This multi-layer ZnO material shown in Fig. 1. (a) which can be 

produced by solution method on a large scale has essential implications for the industrialization and commercialization 

of OPDs. 

Active Layer 

Compared with most traditional inorganic materials, organic semiconductor materials have a higher light 

absorption coefficient. Hence, the thin film structure that can reduce the transport distance of charge carriers to 

overcome the disadvantage of slightly lower charge migration in OPDs has become a research focus. The thin film 

structure not only helps optimize the penetration and distribution of light, improve light absorption efficiency, but also 

meets the requirements of large-scale production, solution processing technology. In the field of biomedicine, the 

active layer of OPDs needs to have characteristics such as high sensitivity, biocompatibility, flexibility, and wide 

spectral response as well. The following part will introduce the materials of OPDs active layer studied in recent years. 

Perovskites 

Perovskite materials have become popular in the field of photovoltaics in recent years due to their strong designable 

ability and excellent optoelectronic properties. Perovskite materials which always have direct bandgaps, bipolar 

transport, and low exciton binding energy, can achieve efficient optoelectronic detection in the form of a single active 

layer without the need for donor acceptor structures. Organic inorganic hybrid perovskites (OIHPs) have attracted the 

attention of many researchers. These types can control the bandgap by halogen composition adjustment or cation 

doping, thus meeting the requirements of multispectral applications.  

Lead halide perovskite semiconductors have become a hot issue in the field of optoelectronics due to their 

advantages of high efficiency, low cost, and flexibility. Sakhatskyi K. et al. developed a single photon detection X-

ray OPD with the single crystal MAPbI3 as the active layer, which maintained performance without significant 

degradation for one year in a zero applied bias (XPV) working environment [11]. This detector aims to reduce the 

dose received by patients during medical X-ray imaging and providing a foundation for the development of low-cost 

detector technology. Girolami M. et al. conducted another X-ray high-sensitivity detector using FAPbBr3 as the active 

layer, replacing MA (methylammonium) cations with more stable FA (formamidinium) cations under X-ray 

irradiation [12]. This OPD can operate without the need for external bias, and with the advantage of maintaining 

stability under long-term exposure to radiation, it can be applied in extreme environmental conditions, such as being 

installed on a space suit as a portable detector.  
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FIGURE 2. A schematic diagram of the microstructures of three perovskite materials (a) CNI; (b) (AEHB)2SnBr6; (c) 

(PEA)2MA2Pb3I10 [13-15]. 

However, the use of lead containing perovskite materials is not ideal in the biomedical field. This is because toxic 

lead ions accumulated in the body after decomposition can affect multiple organs, systems in vivo and cause 

environmental pollution. Therefore, the production of lead-free halide perovskites without sacrificing excellent 

optoelectronic performance has been widely studied. Tin is located in Group IV of the periodic table and has similar 

chemical properties to lead, with higher concentrations in the Earth's crust. Tin halide perovskite has advantages such 

as narrow bandgap and high carrier mobility, making it one of the commercially feasible directions in lead-free 

perovskite research. However, due to the inherent properties of Sn2+, this type of perovskite is easily oxidized, 

generating a large number of defects resulting in high dark current and low detection rate. Liu T. et al. introduced an 

organic compound 2-cyanoethan-1-aminium iodide (CNI) shown in Fig. 2 (a), which contains a cyanide group, adding 

into the tin halide perovskite film to suppress the oxidation of Sn2+ [13]. This detector solved the above problems and 

demonstrated fast response speed and stability as well, which can be used for wearable heart rate detection. 

Low dimensional perovskites typically include one-layer films (2D), nanowires (1D), and quantum dots (0D). 

Compared to 3D structures, the advantages of low dimensional structures may include better stability, as the large 

volume of organic cations can provide protection against moisture and oxygen erosion, enhancing resistance to harsh 

environments. Moreover, the low dimensional structure suppresses the migration of halide ions and metal cations, 

slowing down material decomposition and device performance deterioration. In addition, the defective density of low 

dimensional materials may be lower because the organic cations in the structure can passivate surface defects and 

reduce non radiative recombination. More importantly, due to the quantum confinement effect, low dimensional 

structures can regulate the bandgap through size and number of layers, covering ultraviolet to near-infrared spectra 

and meeting multi-scene requirements. For example, Ajayakumar A. et al. synthesized a 0D tin halide perovskite 

detector for ultraviolet detection, with excellent device parameters [14]. The active layer material, (AEHB)2SnBr6 

(AEHB: N-(2-aminoethyl)-2-hydroxybenzamide) thin film shown in Fig. 2 (b) has special properties: a quantum-well-

like structure, Type IIb exhibits band alignment characteristics, larger carrier active regions compared to 3D structures, 

and anisotropic charge transfer performance. These may all be potential reasons for significantly increasing the carrier 

lifetime, thus improving photoconductivity. 

The use of low dimensional perovskite materials is very flexible, and good optoelectronic properties can be 

achieved through special designs, such as Pan W. et al. coupling PbS colloidal quantum dots (CQDs) modified with 

F-atom ligands with a quasi-two-dimensional perovskite material matrix (PEA)2MA2Pb3I10 (n=3, 

PEA=phenylethylammonium and MA=methylammonium) shown in Fig. 2 (c)[15]. Through the design of quantum 
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dot surface ligands and organic matrix, the OPD achieves high gain detection in the near-infrared (NIR) region related 

to vivo biological imaging, with external quantum efficiency (EQE) exceeding 1000%, and maintains 90% 

responsiveness after 150 days of storage. 

Fullerene Acceptors 

Fullerenes (such as C₆₀, C₇₀) are enclosed cage-like structures composed of sp² hybridized carbon atoms with high 

symmetry and the delocalized π electron cloud on the surface of the carbon cage endows it with strong electron 

acceptance ability. Typically, the LUMO energy level of fullerenes is significantly lower than the HOMO energy level 

of donors, thus creating an energy level gradient which drives exciton separation and forms a continuous permeation 

channel for electron transport. For fullerene derivatives, PC61BM ([6,6]-phenyl-C61-butyric acid methyl ester) and 

PC71BM ([6,6]-phenyl-C71-butyric acid methyl ester), they can enhance solubility and expand absorption spectra by 

grafting phenyl butyric acid methyl ester side chains. The charge absorption of fullerene acceptors can also be altered 

by modifying the donor molecule. Vanderspikken J. et al. replaced the alkyl side chain of poly[2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT) with an alkoxyalkyl (-OR-R) side chain, allowing the 

fullerene acceptor material to be insertable while driving the mixed active layer towards absorbing NIR light [16]. 

Despite the inevitable increase in dark current after modification, the detector exhibits excellent detection rates from 

1000 to 1340 nm, making it possible to become a wearable micro medical diagnostic device. Kim H. et al. co-deposited 

a kind of donor-linker-acceptor (D-π-A) structure merocyanines with C60 as a mixed film and developed a novel high-

performance green selective OPD [17]. Due to the unique chalcogen bonding interaction within the molecule, the 

molecule is forced to flatten, thereby reducing donor strength and widening the optical bandgap. This strategy provides 

new ideas for designing high-performance optoelectronic materials. 

Some study aims to enhance the optoelectronic performance of devices by adding a third component to binary 

mixed films containing fullerene acceptors. Nanayakkara MPA. et al. doped bismuth oxide (Bi2O3) nanoparticles into 

Poly(3-hexylthiophene-2,5-diyl) (P3HT): PC71BM bulk heterojuction (BHJ), trying to promote X-ray attenuation, 

improve photocurrent, and enhance signal-to-noise ratio (SNR) [18]. At the same time, the self-forming HTL function 

through vertical component gradient demonstrated in the article significantly reduced dark current. A study has 

introduced other Non-fullerene acceptors structures to form a ternary active layer, Zhang S. et al. developed another 

ternary mixed membrane consisting of a D-A-D structured NIR absorber (2TT-oC6B), poly(N,N′-bis-4-butylphenyl-

N,N′-bisphenyl)benzidin (PolyTPD), and PC61BM. PolyTPD and PC61BM serve as electron blocking layers and 

electron transport layers respectively in the device, significantly reducing dark current and increasing photocurrent 

[19]. Compared to binary BHJ without PolyTPD, the charge separation time is shortened, and the responsiveness is 

increased by 10 times, making it effective for medical diagnosis in the NIR band. 

Non-fullerene Acceptors (NFAs) 

NIR light has strong penetration and low scattering in biological tissues, making it suitable for deep tissue imaging 

(such as tumor detection, angiography) and non-invasive monitoring in vivo. NFAs can absorb NIR and SWIR (short 

wave infrared) light through molecular design, while the absorption of fullerene acceptors (such as PCBM) is mainly 

limited to the visible light region (<700 nm). Moreover, fullerene acceptors tend to spontaneously aggregate into larger 

particles or clusters due to strong π-π interactions between molecules, instead of being uniformly dispersed in the 

active layer, resulting in device performance degradation. NFAs, such as Acceptor Denor Acceptor (A-D-A) 

structures, enhance the ordered arrangement of molecules and inhibit aggregation. More importantly, the molecular 

structure of NFA is tunable, and the flexibility and solution processability of organic materials make them easier to 

integrate with biological systems, making them suitable for wearable or implantable medical devices. 
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FIGURE 3. A schematic diagram of the microstructures of NFA acceptors and their donors with chain structures (a) 

PDT(T)IC-4F and the donor; (b) PBDB-T: PZF-V:PY-IT; (c) the constitution of CS-1; (d) the optimal conformation and 

HOMO/LUMO distribution for CS-1 [20-22]. 

 

Next, we will introduce NFAs with A-D-A structures or more complex A-D-A’-D-A structures that have emerged 

in recent research. Shown in Fig. 3 (a), Chen Y. et al. used 4,8-dihydropentaleno[1,2-b:4,5-b′] dithiophene (PDT) and 

PDTT (with an additional pair of fused symmetrical thiophene rings compared to PDT) as the electron donor core, 

and installed 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (DFIC) acceptor terminals to 

obtain the NFA molecule of PDT(T)IC-4F [20]. Based on poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-

benzo[1,2-b:4,5-b′]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)benzo[1′,2′-c:4′,5′-c′]di-

thiophene-4,8-dione)] (PM6):PDT(T)IC-4F, the OPD has the characteristics of low dark current and high responsivity, 

reaching a responsivity of over 1013 Jones from 430 to 980 nm, similar to commercial silicon-based photodetectors. 

A novel A-D-A NFA 3TT-FIC was developed by Huang YC et al. 3TT-FIC is centered around three fused thieno[3,2-

b] thiophene, and external difluoro substituted indanone [23]. After forming an active layer with PM6, the thin film 

structure exhibits low dark current, high detection rate, and fast response in the NIR region. 2,2′-((2Z,2′Z)-((12,13-

bis(2-ethylhexyl)−3,9-diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-

e]thieno[2,′′3″:4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]indole-2,10-

diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile (Y6) is a 

typical NFA with an A-D-A configuration, which rapidly reduces its photoresponse to longer NIR regions. Ha JW. et 

al. developed YOR1 (asymmetrically) and YOR2 (asymmetrically) molecules with extended NIR absorption spectra 

by changing the original design framework and adding one and a pair of branched aluminum thiophene (BAT) units, 

achieving high detection rates and providing a strategy for developing NFAs with extended absorption spectra [24]. 

OPDs containing NFAs can also use ternary hybrid structures, for example, Qin M. et al. adding spatially 

modularizable-assembled elastic (SMAE) elastomer to a D: A mixed matrix of PM6:Y6 to form a uniform spatial 

distribution network [25]. Its elasticity and conductivity provide the foundation for skin-like photodetectors such as 

remote medical diagnosis and biometric technology. Chandran HT et al. introduced PY-IT as the second acceptor 

material and constructed a device with three components, PBDB-T: PZF-V:PY-IT shown in Fig.3 (b), which achieved 

a high detection rate of almost 1013 Jones and a fast response of 220 kHz, suitable for being used in non-implantable 

blood pressure monitoring systems [21]. 
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The A-D-A’-D-A structure is formed by inserting another acceptor unit in the middle of the A-D-A structure. A 

novel narrow bandgap NFA studied by Cong J. et al, CS-1, is a typical A-D-A'- D-A material. Shown in Fig. 3 (c), it 

consists of a benzobisthiadiazole as A 'component, with cyclopentathiophene (CPDT) as the donor, and 2-(5,6-

Difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene) malononitrile (IC-2F) as the terminal [22]. This design achieves an 

ultra-wide absorption range of 300-1550 nm from UV to SWIR, demonstrating high detection rate and fast response 

in the SWIR region, making it one of future choices for low-cost medical imaging technology. Another SWIR OPD 

is composed of Yin B. et al [26]. It also has an electron acceptor molecular structure of A-D-A'-D-A, called TBzIC. 

TBzIC uses [1,2,3] triazolo[4,5-f]−2,1,3-benzothiadiazole (TBz) as the core acceptor structure, and CPDT as the graft 

bridge, capped with 2- (5,6-dichloro-3-oxo-2,3-dihydro-1H-inden-1-ylidene) malononitrile (IC-2Cl), demonstrating 

good solubility and thermal resistance. This OPD performs well in the application of wearable photoplethysmography 

(PPG) detection devices, capturing clear images of different blood vessel hardness, serving as a model in the 

biomedical field. 

Other Structures 

Specific structural components in certain OPDs have also been studied in recent years. In the biomedical field, the 

substrate materials of OPDs need to meet the requirements of flexibility, biocompatibility, and specific optical 

properties. The current mainstream substrate selection is mainly based on flexible polymers, such as 

polydimethylsiloxane (PDMS) and its derivatives, which are a type of processable polymer with pliability, optical 

transparency, and biosafety. Among them, the newly conceptualized integrated flexible OPDs have revolutionary 

significance, combining the high sensitivity of organic materials, the adaptability of flexible substrates, and 

multimodal sensing capabilities, which show benefits for development of intelligentized wearable OPDs. Wu X. et al. 

studied a green and sustainable OPD based on border ester polymers (BPs) [27]. In this study, the TBVA portion of 

the active layer material TBVA-CuPc was formed by a TB crosslinking agent containing boron acid (BA) and a 

polyvinyl alcohol (PVA) solution. The electrode material is made of the TBVA solution and silver nanosheets, which 

amalgamated a printable ink. The wearable OPD ensures unchanged photo responsiveness performance for 2000 

cycles under 50% stretching. 

Transmission cavity (TC) is a novel technology used in OPDs to enhance light absorption efficiency and regulate 

spectral response. Its core is to localize specific wavelength light fields within the active layer through optical 

resonance effect, thereby improving the external quantum efficiency (EQE) and detection sensitivity of the device. 

TC in OPDs usually adopts Fabry-Pérot (F-P) cavity design: the top and bottom metal layers sandwich the optical 

spacer layer and the intermediate active layer. Xing S. et al. fabricated an OPD based on TC, which consists of two 

semi-transparent silver sheets, a 4,7-Diphenyl-1,10-phenylanthroline (BPhen) spacer layer, and an active layer 

containing fullerene acceptors [28]. The OPD with a special structure can achieve continuous light response from the 

visible light region to the NIR region by simply changing the thickness of the spacer layer, while also having the 

advantages of low dark current, high detection rate, and fast response. This study provides the possibility for a close-

fitting heart rate and blood oxygen sensor to dynamically adjust by sensing real-time contextual information such as 

the environment, target, or user status. 

DEVICE INTEGRATION AND EXTERNAL CIRCUITY 

In practical biomedical engineering applications, OPDs can be connected to other instruments and circuits to 

achieve performance optimization and functional expansion, meeting the needs of practical situations. This 

combination device is mainly used for optical detection of blood flow changes using PPG technology. PPG is a non-

invasive technology for monitoring changes in blood volume through optical sensing. Its principle is to use a specific 

wavelength light source (especially green or infrared light) to irradiate skin tissue and detect changes in the intensity 

of reflected or transmitted light signals through photoelectric sensors. When the heart beats, the blood flow in the 

blood vessels fluctuates periodically, causing changes in light absorption and generating PPG waveforms. This 

technology is widely used in wearable devices such as smartwatches to monitor physiological parameters like heart 

rate, blood oxygen saturation, and vascular elasticity in real-time, with the advantages of convenience and low cost. 
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Light-emitting Diode (LED) - Integrated Device 

LED is a semiconductor based optoelectronic device with a PN junction as its core structure. When a forward 

voltage is applied, electrons and cavities recombine in the PN junction region, releasing energy and emitting light in 

the form of photons. The emission color is determined by the bandgap of semiconductor materials, such as GaAs and 

GaP materials, which can produce infrared and visible light, respectively. LED has the characteristics of high 

efficiency, energy saving, long lifespan (up to tens of thousands of hours), environmental protection and pollution-

free. It has been widely used in lighting, display, backlight and other fields, such as indoor lighting fixtures, screens 

and optimization of quantum dot technology. When used in combination with OPDs, LEDs serve as controllable light 

sources which can accurately output specific wavelength light signals, while OPDs are responsible for converting the 

light signals into electrical signals. This combination forms a closed loop in optoelectronic integrated systems, such 

as in biosensing, environmental monitoring, or wearable devices, where LED emits detection light and OPD receives 

feedback signals in real-time, achieving high-sensitivity analysis of light intensity, spectroscopy, or chemical 

substances. In addition, the combination of the two can optimize system energy efficiency, promoting the development 

of compact and low-power solutions in fields such as visual perception and health detection which require flexible 

electronics and intelligent optoelectronic devices. 

 
FIGURE 4. The working mechanism after combining with LED (a) a PPG sensor; (b) monitoring plot of a PPG 

sensor shown in details; (c) the self-power circuit [29-31]. 

Integrating LED devices with OPD can achieve SWIR visualization functionality. The prospects of this type of 

device are mainly to be mounted on the eyeball or even the retina, expanding the range of human visual recognition. 

The detection and visualization of SWIR in the biomedical field have significantly improved the accuracy of disease 

diagnosis and treatment through advantages of deep tissue penetration, high contrast imaging, and non-invasion. For 

example, real-time navigation of blood vessels and tumor boundaries during surgery, tracking drug metabolism, 

monitoring blood glucose and cerebral oxygen status, etc. These are important technological directions for promoting 

the development of precision medicine. In 2020, Li N. et al. developed an up-transition device which can convert 

SWIR to green light. The luminescent CsPbBr3 perovskite LED shown in Fig. 4 (a) absorbs the electrical energy 

generated by SWIR OPD and produces the most sensitive visible light to the human eye with a peak at 516 nm [29]. 

This study is based on the BHJ active layer OPD, which is a mixture of diketopyrrolopyrrole-dithienylthieno[3,2-b] 

thiophene (DPP-DTT) and a dye, ensuring low dark current and high detection rate while also considering the 

expansion for retina-like structures. In 2021, Li N. et al improved the previous up-transition structure by using N,N′-

bis(napthalen-1-yl)-N,N′-bis(phenyl)benzidine (NPB) as an intermediate layer to physically isolate the OPD and the 

LED [32]. This interface layer plays a role in blocking electron transfer, allowing for cavity transfer, thus greatly 

reducing dark current and improving the optical output efficiency from SWIR light to visible light image presentation. 

The team has met the expectation of expanding SWIR applications to human vision by simply modifying the OPD 

external structure and manufacturing it at a low cost. 
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Another type of LED, OPD combined devices works in different mechanisms: LED devices emit light as a source, 

and some of the light is reflected by tissues or microstructures (mainly blood vessels and pulses) in the human body. 

After detecting the light signal, nearby OPDs calculate the health level of the human body by analyzing the intensity 

of the received light signal at different time points. Jinno H. et al. reported a close-fitting PPG sensor capable of 

detecting continuous biological signals, which is self-powered by multiple connected organic solar cells shown in Fig. 

4 (b)[30]. The ultra-flexible LED has an inverted structure of ITO/ZnO/Polyethyleneimine ethoxylated (PEIE):8-

quinolinolato lithium (Liq)/Superyellow (SY)/Molybdenum oxide (MoOX)/Al, which shows the advantages of long 

service life and almost ideal diffuse reflection surface. The OPD uses BHJ mixed with 2,5-bis(3-(2-ethylhexyl-5-

(trimethylstannyl) thiophen-2-yl)thiazolo[5,4-d]thiazole-2-butyloctyl (PTzNTz-BOBO) and PC71BM as the active 

layer, which can effectively cover the spectral range generated by the corresponding LED. However, the detector 

observed significant noise and unstable signals in actual measurements, which means more improvements in power 

supply optimization and filtering installation are needed to truly participate in practical applications. Zhu H. et al. also 

invented a miniature PPG sensor with the same mechanism [31]. This sensor consists of a ring-shaped OPD assembled 

on a polyethylene naphthalate (PEN) substrate and a circular light-emitting LED device surrounding it shown in Fig. 

4 (c), perfectly capturing the biological signals of the blood flow from the fingers placed on it, with an extremely low 

power of 9.96 µW. Moreover, the use of directional light emitting LEDs in research has increased the probability of 

the emitted light being received by OPDs, without the need for additional noise reduction structures such as filters. 

Organic Transistor - Integrated Device 

Transistors, especially organic field-effect transistors (OFETs), achieve high gain signal processing through 

transconductance amplification mechanisms. The emphasis control ability of its gate voltage on channel current can 

directly amplify the weak photocurrent generated by the detector by several orders of magnitude, breaking through 

the sensitivity bottleneck of traditional passive circuits. Meanwhile, the three port characteristic of the transistor 

supports in-situ impedance conversion, dynamically matching the high output impedance of the detector to the low 

input impedance of the backend circuit, reducing signal transmission losses. In an array system, the switch amplifier 

dual-mode characteristic of transistors not only enables selective reading of pixel level signals but also compensates 

for signal delay caused by low-pass filters formed by long wires through distributed transconductance gain, ultimately 

achieving ultra-high SNR while maintaining low light conditions. 

In order to develop a highly sensitive PPG detector, Song J. et al. connected a perovskite detector with an OFET 

that can amplify signals, converting the current in the poly(2-(3,3′-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-

bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)) channel [33]. Under low light intensity, a fast response of 0.89 

ms and a high gain of 2.4 × 102 Jones were achieved. By adjusting the bandgap of the active layer material, the PSC 

gated ECT exhibits a broadband response from UV to NIR region. Conclusively, the detector shows a significant 

advantage for long-distance PPG detection suitable for special populations such as the elderly and infants. Zhong Y. 

et al. also studied a combination sensor using a similar principle, connecting the gate of OFET to the cathode of OPD 

[34]. This study proposes three organic compounds that can be used as channel materials and finally selects p(g1T2-

g5T2) modified by hydrophilic side chains due to faster response and lower noise. The detector also can detect weak 

light signals. Stability tests were conducted on the detector in the study, found that the performance decreased 

significantly after 3 hours of continuous operation. This will be a major obstacle to overcoming the lifespan limitation 

to achieve commercialization. 

Circuit modification is another method to further improve detector performance. Based on the assembly of OPD 

and OFET, Luo G. et al. made series connection between OPD composed of P3HT: PC61BM and organic resistance 

made by P3HT, with the voltage applied to the gate [35]. This OPD achieves a SNR of 4.6×10⁵ under weak light of 

10 µW/cm² by approaching the theoretical limit of transconductance gain (37.1 S/A) and distributed noise suppression 

technology (dark current only 0.18 pA/µm²). At the same time, relying on the snake shaped electrode topology and 

ultra-thin packaging (strain<0.07%), the performance degradation after 3000 bending cycles at a bending radius of 14 

mm is less than 0.8%. The solution printing process also makes the manufacturing cost extremely low. By combining 

the dual wavelength differential algorithm with 70 Hz bandwidth signal reconstruction, medical grade physiological 

monitoring accuracy has been successfully achieved, providing a disruptive solution for wearable electronics that 

combines ultra-high sensitivity, mechanical flexibility (curvature radius ≈ vascular scale), and industrial grade 

stability. 

Auto-generated PDF by ReView 2025 International Conference on Advanced Mechatronics and Intelligent Energy Systems

100W angAMIES2025.docxMainDocument AIPP Review Copy Only 10



CONCLUSION 

The exploration of flexible electronic devices containing small molecules or polymers in the field of optoelectronic 

detection is prosperously progressing, owing to the multiple advantages like low-cost manufacturing and tunable 

bandgap of organic materials: By utilizing the flexibility and biocompatibility of organic materials, biosensors that fit 

the skin can be developed for monitoring human physiological signals and even forming human eye structures such 

as the retina; The detection of NIR and SWIR region light provides new research directions for high-precisional and 

non-invasive diagnostic imaging instruments in hospitals; Combined with technologies such as transistors and LEDs, 

low-power portable medical detection systems could be integrated and constructed, suitable for remote medical care 

and personalized health management. 

Although numerous studies have greatly improved the response speed and detectivity of OPDs, the short lifespan 

and poor resistance to complex environmental interference of organic materials remain a major obstacle to 

industrialization and commercialization. Moreover, the process of large-scale solution manufacturing of organic 

materials is also prone to introducing structural defects, which affects the production efficiency and reliability of 

devices. Therefore, new manufacturing technologies that reconcile low-cost manufacturing and performance 

assurance need to be developed. 
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