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 Organic semiconductors (OSCs) have been found to be a prominent group of optoelectronic 

materials extensively researched for more than 40 years due to their ability to tune 

capabilities by modifying chemical structure and simple processing. Their performance has 

been significantly improved, advancing from the fast development in the design and 

synthesis of new OSC materials. This paper attempts to essentially confront the performance 

of organic photodetectors with standard detectors dominating the global commercial market. 

Special attention was paid to the organic field-effect transistor (FET) phototransistors 

detectivity overestimates.  

Keywords:  

organic photodetectors;  

signal fluctuation limit;  

BLIP limit;  

overestimation of performance.   

 

 

1. Introduction 

Organic semiconductors (OSCs) have been of great interest 

for more than 40 years, exhibiting the potential to transform 

significant technologies, such as photovoltaic energy, 

transparent screens/displays, efficient and reasonably 

priced white lighting or flexible and robust electronics  

[1–10], however, most efforts have been directed on 

lighting/display development. The unique properties also 

make them suitable for photodetectors with spectral 

responsivity ranging from ultraviolet (UV) to near infrared 

(NIR) with the panchromatic or selective tuning of specific 

wavelengths [6, 8, 10]. 

Research on organic materials has been driven by 

technological superiority over inorganic semiconductors 

(ISCs) which include Si, Ge, GaN, GaAs, and InGaAs. 

Compared to the latter, organic compounds are generally 

cheap and match large areas, low temperatures, and low-

cost fabrication methods (compatible with high-throughput 

roll-to-roll processing). In addition, majority of inorganic 

materials require high-quality substrates, while in contrast 

due to high lattice mismatch tolerance and deformation-

induced defect states, organic devices are fabricated on 

plastic films, metal foils or glass. 

Despite their many advantages, organic materials also 

have disadvantages. One of the fundamental ones is the low 

carriers mobility, which is related to the weak inter-

molecular interactions, reducing performance compared to 

inorganic devices. In addition, the majority of organic 

materials are found not to be very stable, they are suscep-

tible to degradation by water vapour and oxygen exposure 

and require special housing to reach satisfactory device 

durability. Another problem is related to the purity of 

organic materials – much lower than that of inorganic 

materials, with the consequent creation of electronic 

defects reducing device performance. 

This paper compares the performance of organic 

photodetectors with standard detectors dominating the 

global commercial market. Special attention was paid to the 

organic field-effect transistor (FET) phototransistors 

detectivity overestimates and the reasons for these 

overestimates were explained. 

2. Fundamental detectivity limits 

The photon detectors perform best when the detector 

internal noise is below the photon noise [11−13]. The level 

of photon noise is not connected with the imperfections of 

the detector design or the integrated electronics but is 

conditioned by the electromagnetic radiation field discrete 
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nature. The radiation interacting with the device includes 

two components originating from the target and the 

surrounding background. Therefore, there are two funda-

mental limitations to the device performance, resulting 

from the target signal fluctuation limitation (SFL) and the 

influence of the ambient scene radiation – background 

limited infrared photodetector (BLIP). The SFL and BLIP 

detectivities defining these limits are shown in Fig. 1 in the 

spectral range of 0.2–2 m. As shown, the intersection of 

the SFL and BLIP curves occurs at a wavelength, l ~ 1.2 μm. 

For < 1.2 μm, the ultimate detectivity is weakly wavelength 

dependent; however, for > 1.2 μm, where BLIP dominates, 

the D*(λ) dependence is strong, which results from an 

intensive increase of the background radiation influence at 

the edge of the ambient spectral distribution at 300 K. 

Figure 1 also compares OSC photodetectors detectivity 

(D*) with selected standard photon detectors dominating 

the global market and operating at 300 K for 2π field of 

view (FOV). More information on the OSC photodetectors 

(also classified by fabricating methods) is summarized in 

Table 1 of the paper by authors Wang et al. [14] and 

highlighted by the pink area in Fig. 1. The upper 

detectivities of OSC photodetectors match well with the 

typical values for standard detectors. However, the spread 

of these values is about three orders of magnitude 

conditioned by the immature state of technology. In the 

case of standard detectors, AlGaN photodiodes show the 

highest D* at 260 nm, but to achieve high D* close to the 

SFL limit, it is essential to use filters to reduce the 

contribution of residual solar radiation [15]. The record 

detectivity above 1015 Jones marked with magenta for OSC 

UV photodetectors [16−19] is overestimated. It should be 

emphasized that in this case no information is provided 

about the use of filters in the photodetectors performance 

measurements. Also, the data from [20] taken for the NIR 

FET phototransistor (λ = 2 μm) is overestimated (above 

BLIP limit). 

There are several reports highlighting the overestimated 

performance imperfect characterization procedures, includ-

ing [21–24]: (i) incorrect noise estimates, (ii) device active 

area and radiant power density miscalculation, (iii) contra-

diction between measured sensitivity and noise bandwidth 

(BW), and (iv) poor linear dynamic range (LDR) of the 

photodetectors (inapplicable to intense light due to the small 

volume of the active area despite a large absorption coeffi-

cient). The appropriate measurement procedures consistent 

with those used for typical bulk-based photodetectors are 

required. Probably the main reason for the D* overestimates 

reported in [16−20] (record > 1018 Jones [17]) is the failure 

to include the photogating effect, g, in the measurements of 

the shot noise and the generation-recombination (g-r) noise. 

Assuming incorrect (Ish = √2qI∆f ) expression for the shot 

noise (proper Ish = √2qgI∆f ) leads to the false improvement 

in the signal-to-noise ratio (SNR) by a factor of √g. 

A similar dependence on √g can be found for frequency-

related (ω) g-r noise according to the relation 

Igr = √4qIdg∆f (1+ω2τ2)⁄ . 

3. Performance of OSC photodetectors 

Published reviews on OSC advances cover different topics, 

including organic materials, device designs, physics, 

processing, and applications [6–8, 10, 14, 25, 26]. The 

literature on the subject contains a huge amount of data on 

the materials used, the design of the devices, and their 

characteristics. The main modes of operation of OSC 

photodetectors are photoconductive (PC), photovoltaic 

(PV), and FET photodetectors.  

Most OSCs-based photodetectors are processed as 

photodiodes reaching internal quantum efficiency (IQE) 

 < 100%. The avalanche effect does not occur in OSCs 

(relatively high binding energy of the excitons) to increase 

their sensitivity. Generally, the photodiodes exhibit a very 

low power dissipation, negligible 1/f noise, inherently high 

impedance, and easy multiplexing via readout integrated 

circuits (ROICs) and are normally used for large numbers 

of pixel arrays. The reverse-biased photodiodes reach high 

impedance and may match better electrically into low-

noise/compact silicon readout preamplifier circuits. The 

photoresponse is linear for much higher photon flux than 

for photoconductors, mainly due to higher doping levels of 

the absorber region and rapid photogenerated carriers 

collected by the junction electric field. 

The high detector performance requires low (as much 

as possible) dark current density. Compared with ISC 

standard photodiodes, the OSCs-based photodiodes exhibit 

higher dark current than predicted for thermally generated 

radiative transitions. Sandberg et al. reported (based on an 

analysis of the temperature-dependent dark current 

characteristics of the OSC blend photodiodes) that the 

thermal activation of the dark current for low reverse bias 

is consistent with transitions via the mid-gap states [27]. 
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Fig. 1. Comparison of room temperature D* for OSC photo-

detectors [14, 16−20] with standard market detectors 

(AlGaN, Si, Ge, InGaAs PDs, and PMTs) in the 

wavelength range of 0.2–2 μm. The ultimate SFL and 

BLIP are also shown. PV – photovoltaic detector, 

PMT – photomultiplier tube, FET – field-effect tran-

sistor. The OSC photodetectors D* marked in magenta 

are overestimated. 
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If the dark saturation current of photodiodes is funda-

mentally limited by mid-gap trap states, the dark current 

component can be expressed by Jd = J0[exp(qV mkT⁄ ) - 1], 

where J0 corresponds to the dark current saturation density, 

m is the diode ideality factor. In the case of mid-gap states 

m = 2. Figure 2(a) presents the dark current density trends 

for large set of photodiodes. It is clearly shown that in the 

region of the larger energy gap (greater than 0.7 eV), the 

dark current density of OSC photodiodes is higher than that 

of standard photodiodes (Si, GaAs, and CdTe) and is 

limited by the g-r current in the depletion region. 

Figure 2(b) shows the estimated upper limit of 

detectivity for the set of OSC photodiodes. The mid-gap 

states appear to have a decisive influence on the spectral 

dependence of the detectivity (red line), which is, however, 

well below the BLIP limit. 

Another structure is the organic FET. The FET photo-

transistor is a three-terminal device (i.e., drain, gate, source 

electrodes) where the gate voltage can adjust the channel 

resistance (between the source and drain). Furthermore, the 

transport channel can also be modulated by the light 

absorption in OSC generating carriers. As a result, the 

phototransistor exhibits high photocurrent and high 

responsivity, as well as high internal photoconductive gain 

leading to photocurrent enhancement and external quantum 

efficiency (EQE)  > 100%. Channel material should exhibit 

both high efficient light absorption and carrier mobility to 

reach high photosensitivity. Progress has been made 

through designing molecular structures and modifying the 

film morphologies. Table 1 collects the record-breaking 

performance of OSCs phototransistors. Detectivities are 

also highlighted in Fig. 1 [16−20], where some reported 

results are unrealistic, being close to or even exceeding the 

fundamental SFL and BLIP limits, SFL [16]  and BLIP 

[20]. 

The existence of a large photogating effect in organic 

phototransistors affects the ability to achieve high current 

responsivity. The responsivity improvement by the photo-

gating effect leads to the LDR caused by the charge 

relaxation time. The response times can reach up to several 

seconds, as shown in Table 1 [18].  

EQE is often used as the key figure of merit to 

determine the performance of photoconductors and 

phototransistors. Since the current responsivity is given by 

the formula R = (qλη  hc⁄ )g = (qλ  hc⁄ )EQE; it follows that 

EQE = ηg. These considerations also show that an increase 

in quantum efficiency above 100% (when the gain, g, is 

above 1) results from an enhancement of photoconductive 

gain (in FET phototransistors ‒ photogating effect), which 

reaches a value of up to about g ~ 106 at low excitation 

levels (see Fig. 3). It is supposed that the large value of 

photoconductivity gain in FET phototransistors, not 

considered in the shot and g-r noises estimate, is the reason 
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(b) 

Fig. 2. Influence of mid-gap trap states on the performance of 

OSC based photodiodes: (a) dark current densities trends 

(triangles, square, and circles are from [27];  − from 

the selected published papers); (b) the estimated upper 

limit (red line) of detectivity (after [27]). 

 

Table 1. 

Record performance of organic FET phototransistors. 

 

Material Wavelength 

[nm] 

Responsivity 

[A/W] 

g/EQE [%] 

 

Detectivity 

[Jones] 

Response  

time 
Ref. 

2,7-DTEP 370 1.04 × 105 ‒ 5.28 × 1016 ‒ [16] 

1,6-DTEP 370 2.86 × 106 ‒ 1.49 × 1018 ‒ [16] 

NDI-PM NRs 365 7.23 × 103 –/2.5 × 106 1.4 × 1015  250 ms [17] 

PSeTPTI/PC61BM 365 2.2 × 104 7.5 × 104/– 3.1 × 1016  3 s [18] 

FBT-Th4(1,4):PC61BM 410 1.2 × 105 3.7 × 105/– 3.18 × 1016  300 ms (VG = 30 V) [19] 

FBT-Th4(1,4):PC61BM 410 1.6 × 104 5.0 × 104/– 3.3 × 1017  40 ms (VG = 0 V) [19] 

PQT-12/F4-TCNQ 2000 2.75 × 106 –/108 3.12 × 1014  10 ms [20] 
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for the overestimation of the detectivity of organic photo-

detectors. 

For comparison, Figure 3 shows a typical range of 

detectivity and current sensitivity of standard photo-

detectors (photodiodes) for 350‒1500 nm. In general, in the 

high g range, the detectivity of FET phototransistors is 

much higher than that of standard photodetectors. The 

experimental data marked in the grey box are 

overestimated. 
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Fig. 3. Detectivity vs. current responsivity for visible-blind UV 

photodetectors presented in [17] and taken from [16] and 

[18]. The experimental data above the dashed line (in the 

grey box) are overestimated. 

4. Conclusions 

OSC materials emerged from a niche research topic as 

a promising alternative to photodetector applications, 

especially in the photovoltaic market. Their performance 

has been dramatically improved in the spectral range from 

UV to NIR. 

OSCs are low-cost and evidently more ecological than 

ISCs, even if their inherent electrical properties cause 

performance limitations. One of the fundamental ones is 

the low mobility of charge carriers due to weak 

intermolecular interactions. In addition, most of these 

materials are not very stable. 

The estimated upper limit of detectivity for OSC 

photodiodes is comparable to standard inorganic 

compounds. The spread of these values is about three 

orders of magnitude which is conditioned by the immature 

state of technology. Furthermore, many papers report 

detectivity > 1015 Jones, indicating they are overestimated. 

The record-breaking performance of OSC photodetectors, 

mainly phototransistors, published in the literature 

(exceeding SFL and BLIP limits) is related to the erroneous 

estimates of parameters. 
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