
 

 

This is the author manuscript accepted for publication and has undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/adfm.201907964. 

 

This article is protected by copyright. All rights reserved. 

Light Detection in Open-circuit Voltage Mode of Organic Photodetectors 

Marcin Kielar*, Tasnuva Hamid, Martin Wiemer, François Windels, Lionel Hirsch*, Pankaj Sah and 

Ajay K. Pandey* 

 

Dr. M. Kielar, Dr. F. Windels, Prof. P. Sah 

Queensland Brain Institute, The University of Queensland 

St Lucia, QLD 4072, Australia 

E-mail: m.kielar@uq.edu.au 

Dr. M. Kielar, T. Hamid, Dr. A. K. Pandey 

Robotics and Autonomous Systems, School of Electrical Engineering and Computer Science, Science 

and Engineering Faculty, Queensland University of Technology 

Brisbane, QLD 4001, Australia 

E-mail: a2.pandey@qut.edu.au 

Dr. M. Wiemer, Dr. L. Hirsch 

Univ. Bordeaux, IMS, CNRS, UMR 5218, Bordeaux INP, ENSCBP 

F-33405 Talence, France 

E-mail: lionel.hirsch@ims-bordeaux.fr 

 

Keywords: organic photodetectors, open-circuit voltage, photovoltage, shunt resistance 

 

Organic photodetectors (OPDs) are promising candidates for next-generation light sensors as they 

combine unique material properties with high-level performance in converting photons into current. 

However, low-level light detection is often limited by device dark current. Here, we show that the 
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open-circuit voltage (Voc) regime of OPDs is efficient for detecting low light signals (<100 µW cm-2). 

We show that the light-dependence of Voc exhibits two distinct regimes as function of irradiance: 

linear and logarithmic. Whereas the observed logarithmic regime is well understood in organic 

photovoltaic cells (OPVs), we show experimentally and theoretically that the linear regime is due to 

the non-infinite shunt resistance of the device. Overall, OPDs composed of rubrene and fullerene 

show photovoltage light sensitivity across 9 orders of magnitude with a detection limit as low as 400 

pW cm-2. A photovoltage responsivity of 1.75 V m2 W-1 demonstrates the highly efficient 

performance without the necessity to correct high dark current. This approach opens up new 

possibilities for resolving low light signals and provides simplified design rules for OPDs.  

 

1. Introduction 

The extensive research on-conjugated materials over the last two decades has provided a better 

understanding of the light-harvesting mechanisms in optoelectronic devices.[1–5] Consequently, 

organic photodetectors (OPDs) show not only excellent quantum efficiency,[6–8] and tunable spectral 

selectivity,[9–11] but can also take advantage of photon up-conversion,[12,13] and photomultiplication 

mechanisms.[7,14] Most importantly, organic semiconductor-based sensors have closely approached 

the performance of conventional inorganic photodetectors demonstrating remarkable levels of 

responsivity, dark current and even long-term stability.[15,16] It is thus no surprise that OPDs are 

widely thought to underpin the next generation of digital imaging technology, garnering strong 

interest from both academia and industry. As a matter of fact, research on OPDs and related 

development efforts have been growing exponentially (Figure S1, Supporting Information). 

 

To achieve ideal performance, OPDs usually operate in the photoconductive mode, where an 

external reverse bias is applied to improve the charge carrier collection efficiency.[17] The resulting 

photocurrent varies linearly with the light intensity across several orders of magnitude.[8] A major 

disadvantage of the reverse bias mode is the rising dark current, i.e., the leakage current that flows 

across the device in the absence of light. Suppressing dark current, as desired for resolving low light 

intensities, usually requires highly engineered device architectures. This is frequently achieved by 

introducing additional interlayers into the device structure.[16,18,19] Furthermore, detection of 

photocurrent in the picoampere range or below involves the use of shielded, high precision 

detection methods involving source-measure units, lock-in amplifiers or spectrum analyzers.[20–22] 

 

Here we present an alternative, easy-to-handle approach for low-light detection with OPDs. We 

demonstrate that using basic-structure OPDs, it is possible to accurately sense light intensity through 

changes in open-circuit voltage (Voc). For illustration, we investigate the performance of a 

rubrene/fullerene bilayer photodiode in both photoconductive and photovoltage modes. We first 

consider the photocurrent response of our example OPD to various irradiance levels and voltage 
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biases including short-circuit condition. Then, we turn towards Voc regime as our new figure of 

interest. We present the photovoltage response to increasing irradiance and demonstrate that it can 

be separated into a linear regime at low, and a logarithmic regime at high intensity levels. We 

characterize the linear regime in terms of linear dynamic range and responsivity of 1.75 V m2 W-1. 

Thanks to high voltage responsivity, we find that Voc signal remains strong even at very low light 

intensities and can be measured using a simple multimeter. The association of the linear regime in 

photovoltage mode with shunt resistance of OPD is then discussed. Finally, we examine the behavior 

of our OPD under open-circuit conditions to pulsed illumination at various frequencies. We 

demonstrate that OPDs operating in Voc mode are able to sense irradiance as low as 400 pW cm-2. 

We conclude our investigation with a discussion on strategies for performance improvements and 

possible applications. 

 

2. Results and Discussion 

2.1. Rubrene and fullerene for high performance OPDs 
For low-light signal detection using Voc, we used well-known and extensively studied materials in the 

field of organic electronics. Indium tin oxide (ITO) is used as transparent electrode, PEDOT:PSS 

serves as hole transport interlayer, rubrene as electron donor, fullerene (C60) as electron acceptor, 

barium (Ba) and silver (Ag) as top electrode. The choice of the active layer composed of rubrene and 

C60 is driven by its universality. One can use rubrene and C60 in organic photovoltaic cells that 

specifically develop a large Voc of about 940 mV at 1 sun.[23] These two materials can also be used in 

organic light-emitting diodes (with yellow electroluminescence at sub-band gap turn-on voltage),[24] 

or in multifunctional diodes, as described in our recent study.[25] The device structure is shown in 

Figure 1a. Chemical structures of the materials, the energy level diagram and the working principle 

of the OPD can be found in Figure S2 and S3. 

  
Figure 1. Device structure and experimental set-up for low-level light detection. a) Cross-sectional device structure of 
the photodetectors studied in this work. The classic photodetection mode (where a negative bias is applied and a 
resulting photocurrent is recorded) and the proposed photodetection mode via changes in open-circuit voltage (Voc) are 
shown. Undulating arrows represent incident photons (here 536 nm). b) Cartoon showing the main experimental set-up: 
a high-power green LED light source capable of delivering irradiance levels over 6 orders of magnitude is inserted into 
the optical assembly containing a neutral density (ND) filter. The reduced light intensity strikes the organic 
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photodetector placed at the other end of the optical assembly. The ensemble is placed inside a double-shielded Faraday 
cage.  

To sense optoelectronic performance of OPD devices, an optical assembly featuring a green LED and 

a set of neutral density (ND) filters was designed and built from scratch. A schematic illustration of 

the experimental set-up is shown in Figure 1b. The high-power 536 nm LED (emission spectrum 

shown in Figure S4) was calibrated to deliver light intensities from 1 nW cm-2 to 25 mW cm-2 

(calibration curve in Figure S5). These irradiance levels are further reduced by inserting a ND filter 

into the optical assembly. Two filters featuring the optical densities (OD) of 2.0 and 5.0 were used to 

reduce incident irradiance approximately by a factor of 102 and 105, respectively (Figure S6 and S7). 

The lowest accessible irradiance was 10 fW cm-2 and is near the limit of detection of the human 

eye.[26] We note here than weaker light intensities can be achieved by combining both ND filters 

together (OD 7.0), and the resulting light can be visualized through a commercial CMOS sensor 

(Figure S8 and S9). Finally, the OPD was placed at the other end of the optical assembly and kept at 

50 mm from the LED for all measurements. To eliminate human and environmental electromagnetic 

noise, the proposed set-up was placed inside a custom built, double-shielded Faraday cage (Figure 

S10 and S11) and all measurements were performed remotely. 

 

2.2. Conventional light sensing with OPDs 
Figure 2a shows the current density-voltage (J-V) characteristics of the fabricated organic 

photodetector in the dark and under monochromatic (536 nm) irradiance levels of 0.01, 0.1,  

1 and 10 mW cm-2. As expected, the photocurrent is proportional to the light intensity under reverse 

bias, i.e., it increases by a factor of 10 for each consecutive irradiance. One can also note that for all 

light intensities, and with regards to increasing applied bias, a rise in the photocurrent response can 

be observed as well. At 1 mW cm-2, we observe a photocurrent increase of 220% between 0 and -2 

V. The external quantum efficiency (EQE) measurements, shown in Figure 2b, confirm high 

dependence of the device performance on the applied voltage. The highest EQE values are 

measured at 495 nm, which corresponds to one of three well-resolved vibronic peaks in the 

absorption spectrum of rubrene (the other two peaks, 462 and 528 nm, can also be seen).[27] The 

photocurrent responsivity (   ) at 0 V (calculated using EQE at 536 nm) is 63 mA W-1 and scales to 99 

mA W-1 at -1 V. The highest value of 136 mA W-1 is reached at -2 V. These responsivities are in good 

agreement with the J-V characteristics, shown in Figure 2a, and reflect the general need for OPDs to 

operate under reverse bias. 
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Figure 2. Performance of OPDs in the conventional photocurrent mode. a) Extended current density-voltage (J-V) 
characteristics of the fabricated device in dark and under different irradiances up to 10 mW cm

-2
. A calibrated, green LED 

(536 nm) is used as light source. b) External quantum efficiency of the fabricated device at 0, -1 and -2 V. c) Photocurrent 
density as a function of incident irradiance for the photodetector under short-circuit condition (Jsc, 0 V) and under 
various negative voltages. The corresponding dark current levels are shown. d) Linear dynamic range of the OPD 
operating in short-circuit condition and under irradiance levels between 10 pW cm

-2
 and 25 mW cm

-2
. 

Unfortunately, increasing reverse bias to enhance the OPD responsivity comes at a significant cost. 

From the J-V measurement in the dark (black curve in Figure 2a), one can note that dark current 

becomes higher with increasing reverse bias. We measured -23, -259 and -623 nA cm-2 at -0.1, -1 and 

-2 V, respectively. High dark currents likely reflect a lack of hole/electron blocking interlayers in the 

device structure. Since the photodetector dark current adds up to the signal under illumination, it 

can saturate the photocurrent at low light intensities. In our case, dark current dominates the 

photogenerated light current at 2.6 W cm-2 under -1 V. At -2 V, dark current overshadows light 

signals for irradiance levels below 4.6 W cm-2. One could still try to resolve the sub-dark current 

signal by simply subtracting the dark current contribution from the photocurrent. However, in most 

cases frequency-dependent lock-in amplifiers or spectrum analyzers are required. Alternative and 

simple ways of low-light detection are therefore highly desired. 
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Keeping in mind that dark current becomes dominant at low light intensities, we investigated its 

influence on the lowest detection limit. For clarity, the lowest detection limit in our experiments is 

defined as the weakest light intensity that gives a significant (95% of confidence) difference in 

photocurrent with respect to the measurement in the dark. Figure 2c shows the linearity 

measurements where the photocurrent density of the OPD was measured as a function of incident 

irradiance. As it can be seen, an increase in negative bias applied to the photodetector results in a 

reduction of linear detection range. This establishes the direct influence of dark current in 

oversaturating the OPD signal at low light intensities. According to Figure S12, a light intensity of 2.4 

nW cm-2 is the limit of detection at -0.01 V. This value rises up to 12.6 nW cm-2 for the same device 

biased at -2 V. We note here that the lowest irradiance detectable at 0 V, 1.4 nW cm-2, is 

underestimated since it is limited by the resolution of the experimental set-up. Using lock-in 

amplifier, researchers have claimed light intensity detection as weak as 7.6 pW cm-2 under short-

circuit current mode of OPD operation.[21] 

 

As discussed above, the dark current not only restricts the detection limit but it also affects the 

linear dynamic range (LDR), i.e., the range of linear responsivity. Figure 2d shows the double 

logarithmic plot of photocurrent versus irradiance where the slope is unity, for the device operating 

in short-circuit condition (highest linear range). The LDR of 146 dB is observed. This value decreases 

to 122 and 70 dB at -0.01 and -1 V, respectively. These values demonstrate that the higher the 

applied reverse bias, the lower the LDR. Since the responsivity increases with reverse bias, our 

measurements also indicate that a large range of linear responsivity can only come at the sacrifice of 

high responsivity. New photosensing approaches are thus needed to unlock the limited performance 

of the OPD in order to deliver simultaneously excellent responsivity and linearity. 

 

2.3. Photosensing in the open-circuit voltage mode of OPDs 

Having demonstrated the limitations of photoconductive mode in OPDs, we now turn to another 

observable, the open-circuit voltage, and investigate its potential in photosensing with a 

basic-structure OPD, deprived of electron and hole blocking interlayers. To the best of our 

knowledge, no research study has investigated the use of Voc for light detection in organic 

photodetectors, especially under low-light conditions. More generally, the use of Voc and its 

dependence on light intensity are largely neglected in research studies on OPDs. The open-circuit 

voltage is however one of the key parameters of organic photovoltaic cells (OPVs), its origin and role 

in OPV performance have been extensively investigated.[17,28] That being said, OPVs operate at high 

light intensities (~100 mW cm-2) whereas OPDs tend to function under low irradiance to minimize 

overall power consumption and degradation mechanisms (such as photooxidation).[29] It is worth 

emphasizing that the Voc mode could actually lead to a self-powered detector.  

 



 

 

This article is protected by copyright. All rights reserved. 

7 

To unveil the light dependent nature of the Voc and its role in low-level light detection, we monitored 

the Voc response of the rubrene/fullerene OPD as a function of incident irradiance. The result can be 

seen in Figure 3a. One can note that the Voc signal varies linearly with irradiance for light intensities 

weaker than 25 W cm-2 (coefficient of determination R2 = 0.998). Then, a transition from linear to 

logarithmic regime occurs for light intensities between 25 and 100 W cm-2. And finally, a 

logarithmic regime for the Voc signal is observed under higher irradiances (with R2 = 0.966). Both 

regimes are detailed in Figure S13.  

 
Figure 3. Light detection through changes in open-circuit voltage in organic photodetectors. a) Voc signal as a function of 
irradiance. Both linear and logarithmic regimes are highlighted. b) Comparison of the Voc and the photocurrent signals at 
the same irradiance and for the same photodetector. c) Voltage (Voc) response of the fabricated device to the low 
intensity pulses of green (536 nm) light. ND filters are used here to produce irradiance levels from 89 pW cm

-2
 to 2.2 nW 

cm
-2

. d) Voc signal as a function of irradiance. Error bars show the standard deviation. e) Summary of the performance of 
the detector in the Voc and photocurrent modes under various biases. LDR and the lowest detection limit are shown. 

The linear response of Voc with incident light suggests a definition of a new figure of merit analogous 

to the responsivity in the photocurrent mode (   ) that is expressed in A W-1: 

   
               

                    
          (1) 

However, a small, but yet fundamental difference between I and Voc must be taken into 

consideration here. Photocurrent, on the one hand, results from the total area-integrated light 

power converted into free charge carriers. Photovoltage, on the other hand, reflects the charge 

density-related difference in electrochemical potential, and is, hence, associated with the incident 

irradiance, i.e., the light power per area, and not the total light power. To illustrate this, one may 

think of two photodetectors that are different in size but otherwise identical. Under homogenous 

illumination, the absolutely identical local kinetics of charge carrier generation, recombination, and 
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extraction would yield exactly the same concentration profiles of charge carriers throughout the 

active layers, and thus the same photovoltage responses in both devices. Nevertheless, the smaller-

in-size photodetector would evidently capture less light in total, and thus also generate less 

photocurrent than its larger-in-size counterpart. For this reason, it is more convenient to define the 

photovoltage responsivity as follow: 

   
                 

                   
          (2) 

with     expressed in V m2 W-1. Following the definition of equation (2), the slope of the linear 

portion of the curve from Figure 3a reveals a voltage responsivity of 1.75 V m2 W-1. 

 

Figure 3b illustrates the practical importance of a large voltage responsivity. An irradiance as low as 

63 nW cm-2 produces a strong Voc signal of about 1.1 mV that can easily be detected with a simple 

digital laboratory multimeter. In contrast, the same irradiance would only raise the photocurrent to 

around 136 pA (or 6 nA cm-2), which would be beyond the range of the same multimeter. This high 

voltage responsivity gives thus an advantage over the photocurrent, especially at low light 

intensities. These results are particularly important in wake of the recent studies on 

photomultiplication thin film photodetectors where current responsivities greater than 1000 A W-1 

have been reported.[14] Another advantage of the photovoltage responsivity lies in its independence 

from the detector surface area, which is a direct implication of equation (2). This could, in principle, 

proof very effective in case of detector arrays composed of elements in various sizes, or with respect 

to miniaturization. 

 

To determine the detection limit in Voc mode for the OPD, we performed ultra-low light pulse 

measurements. The pulse frequency was arbitrary set to 3.2 mHz and the ND filters were used to 

produce relative irradiance levels down to 89 pW cm-2. From Figure 3c, one can note that the voltage 

output is strong even at low irradiances. For example, a Voc signal of 27  3 V is observed at 1.4 nW 

cm-2. The signal further decreases with decreasing irradiance until reaching a point at which it 

becomes indistinguishable from the noise signal. The overall Voc dependence on ultra-low light is 

summarized in Figure 3d. A strong linear trend is observed (R2 = 0.997) and is consistent with the 

linear regime seen in Figure 3a. Therefore, the steady-state linearity measurement can be further 

extended with the pulsed measurements (see Figure S13). We found that the detection limit is as 

low as 400 pW cm-2, as detailed in Figure S14. The fact that VOC mode of photodetection described 

here is able to record extremely low light signals, that too with using an OPD device of    =0.06A/W 

with no lock-in amplifiers, shows the complementary nature and robustness of VOC mode for OPDs. 

 

In addition to the detection limit in the pW range, the Voc mode is also found to provide a high LDR 

of 87 dB (Figure S15). The LDR is limited, from one side, by the lowest detection limit, and, from the 

other side, by the linear-to-logarithmic transition seen in Fig 3a. Interestingly, since photoconductive 
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mode shows a linear response at high irradiances where the Voc signal saturates into the logarithmic 

regime, one could selectively use the Voc or photocurrent modes of the same device to create dual-

mode, high-LDR organic photodetectors. 

 

2.4. Linear regime of the Voc dependence on irradiance 

Given the fact that a number of studies have shown, theoretically and experimentally, that the Voc 

varies logarithmically with illumination intensity,[28,30–34] the physics behind the linear regime is yet to 

be understood. The transition between logarithmic and linear regimes has been observed in OPVs 

but it had not been described nor used for low-level light detection.[35] Most Voc models are based on 

the work published in 2005 by Koster et al. that expresses the open-circuit voltage in terms of 

bimolecular recombination.[34] In this model: 

    
    

 
 
   

 
  (

(   )   
 

  
)         (3) 

where Egap is the band gap, q is the elementary charge, kB is Boltzmann’s constant, T is temperature, 

P is the dissociation probability of a bound electron–hole pair into free charge carriers, is the 

Langevin recombination constant, Nc is the effective density of states, and G is the generation rate of 

bound electron-hole pairs. Since G is the only parameter assumed to be proportional to the 

intensity, it is evident from equation (3) that Voc varies logarithmically with irradiance. It would be 

thus impossible to fit our data from Figure 3a with equation (3).  

 

A significant contribution to the model expressed in equation (3) has been made in 2015 by Proctor 

et al. who demonstrated that the leakage current (i.e., low shunt resistance) was not negligible in 

solar cells and should thus be taken into account in order to successfully match the experimental 

data.[36] The equation (3) gains thus one additional term: 

    
    

 
 
   

 
  (

(   )   
 

   
   

     
⁄

)        (4) 

where L is the active layer thickness, and Rsh the shunt resistance. Since this model was developed to 

gain insights into the recombination processes in OPVs, the light intensities used by Proctor were 

close to what a solar simulator can produce (i.e., between 1 and 100 mW cm-2). At these irradiance 

levels, we also observe a logarithmic dependence (see Figure 3a) with a slope S of 1.35 indicating 

contributions from mono- and bimolecular recombination terms.[37,38] At first sight, the equation (4) 

cannot explain the linearity observed in Figure 3a (and Figure 3d) and it cannot be easily solved for 

the open-circuit voltage either unless using numerical methods (variable Voc appearing on both 

sides). To address this issue, instead of solving Voc=f(G), we express the inverse equation G=f(Voc) as 

follow: 

  *
(   )   

 

 
    (

          

   
)+
        

 *
   

      
+
        

     (5) 
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Two terms, exponential (          ), and linear (     ), are distinguishable. From this, one can 

note that the first term drops exponentially with decreasing G and practically vanishes for low Voc 

values (         ⁄  where          ⁄ ). If so, G (and thus light intensity) varies linearity with 

Voc according to the second term. In other words, equation (4) predicts indeed the linear regime of 

the Voc on irradiance for low light intensities. 

 
Figure 4. Modelling of the light intensity dependence of the Voc. a) Fits to the experimental data using equation (3) 
where leakage current through Rsh is neglected (ideal device) and equation (4) that considers parasitic leakage currents 
(and thus low shunt resistance). b) Semi-log plot illustrating the relation between the device’s shunt resistance and the 
shape of the light intensity dependence of the Voc. Experimental data are plotted for a photodetector with Rsh equal to 

1.15 M cm
2
. Only an ideal device (no leakage current) would show a logarithmic dependence (purple straight line) 

across all irradiance levels in the considered range. 

To illustrate the relation between the shunt resistance and the linear regime, we described our 

experimental data with the above model. Two fits, one based on equation (3) (zero leakage, purple 

line) and the second based on equation (4) (non-zero leakage, rose line) are shown in Figure 4a. The 

applied parameters are: Eg = 1.35 eV, P = 0.55, L = 65 nm, Nc = 1.21025 m-3, Rsh = 1.15 M cm2,  = 

61017 m3 s-1. Generation rate of 2.71027 m-3 s-1 is set to correspond to an illumination intensity of 

80 mW cm-2.[34] The shunt resistance is within the range measured for OPDs used in this study (see 

Figure S16). One can note that both regimes, linear and logarithmic, as seen in Figure 3a, can be 

explained with the modified model from Proctor et al. Interestingly, the shunt resistance significantly 

shapes the Voc signal at low light intensities (see the arrows in Figure 4a). Its effect on Voc is further 

explored in Figure 4b. One prediction of this model suggests that the higher the shunt resistance is, 

the larger the logarithmic regime would be (see Supplementary Video 1). At the limit (     , no 

leakage current), only a logarithmic regime is observed. In this case, equation (4) reduces to 

equation (3).  

 

For the sake of generality, it is worth noting that even in the case of infinite shunt resistance, a 

relationship between Voc and light intensity could not be logarithmic across the entire range of 

irradiance, nor could Voc tend to minus infinity in the dark. This artefact simply results from the 
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oversight of thermal charge carrier concentration in Koster’s model. This irrelevant - in our case – 

scenario is already reflected in the basic, ideal photodiode model which does describe a transition 

from logarithmic to linear regime but at irradiance and voltage levels much lower than observed 

here in this work: 

         (  
   

  
)  {

         ⁄                 

     (     ⁄ )                 
     (6) 

where         ⁄  denotes the thermal voltage,    the saturation current density, and  

        the flux of photo-generated charge carriers. 

 

The non-infinite shunt resistance originates from various current losses in the photodetector 

including current leakages from the edge of the device and/or due to the existence of pinholes and 

traps in the thin film.[39] As these parameters are yet to be controlled in organic devices, a small 

device-to-device variation in Rsh is observed (Figure S16). Within the linear regime, each device will 

thus exhibit a slightly different voltage reading for a given value of the illumination (see Figure S17), 

as predicted by equation (4). Nevertheless, once the device is calibrated, and given the linear 

response, our approach can lead to an easy light detection in Voc mode by using a basic OPD device 

structure and simple instrumentation. The model in equation (4) also predicts that the higher the 

Egap is, the larger the range of linear responsivity is observed. This relation is illustrated in Figure S18. 

Organic photodetectors (or photovoltaic cells) featuring large Voc levels at 1 sun are thus more 

suitable for light detection in Voc mode. According to equations (3) and (4), the open-circuit voltage 

also strongly depends on temperature. The effect is greatly observed in organic solar cells where 

strong light intensity (100 mW cm-2) can significantly raise device temperature.[40] This high 

temperature could influence the stability of voltage signals in OPDs. Nevertheless, as photodetectors 

operate mostly at low irradiance, we did not observe any heating of the photodiode and the OPD 

measurements are thus highly reproducible.  

 

2.5. Transient voltage response characteristics 

To further explore the OPD performance in Voc mode, we measured rise and fall times of the 

photovoltage signal. Figure 5a displays the Voc response to a 50 ms light pulse with an incident 

power density of 25.1 W cm-2 at 536 nm. The photodetector exhibits a Voc of 296 mV with a rise 

time tr of 1.8 ms and a Voc fall time tf of 2.2 ms. For comparison, the photocurrent response times are 

typically in the ~s range for organic and perovskite photodetectors operating in current mode,[16,41] 

and in the ~ms range for photomultiplication type organic photodetectors.[42,43] One must note here 

that photovoltage and photocurrent responses differ in their nature. Nevertheless, even though only 

modest response times in Voc mode can be achieved (see Figure 5), this bandwidth is sufficient for 

many applications.[25] 
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Figure 5. Transient voltage (Voc) performance of organic photodetectors. a) Voc response (rise and fall times) of the 
fabricated device to a 20 ms light pulse at 536 nm with an incident power density equal to 25.1 μW cm

−2
. b) Transient Voc 

response at a pulse frequency of 1 kHz (above the cut-off frequency).  c) Voltage (Voc) gain expressed in dB as a function 
of increasing pulse frequency. The -3 dB threshold corresponds to the frequency at which the Voc signal is attenuated by 
1.414. 

The response time in voltage mode is further found to be influenced by light intensity (the brighter 

the light, the faster the signal) as shown in Figure S19. This finding is consistent with the notion of 

charge-density dependent recombination rates.[44–46] More details can be found in Figure S20. As the 

pulse frequency increases, it is expected that the voltage signal will be attenuated. Detailed voltage 

measurements at low frequencies, from 1 Hz to 200 Hz, and at high frequencies, from 500 Hz to 10 

kHz, can be seen in Figure S21 and S22, one particular case of 1 kHz is shown in Figure 5b. One can 

note that the Voc signal is detectable despite the fact it does not reach its maximum (~0.3 V) nor 

minimum (0 V). We consider this metastable mode as an exciting opportunity for OPDs to be used in 

high-frequency applications. The voltage gain as a function of frequency is shown in Figure 5c. The 

cut-off frequency at -3 dB, i.e., at which the voltage signal is reduced by √ , is measured at 270 Hz. 

The corresponding cut-off frequencies in the conventional photocurrent mode are 2 to 3 orders of 

magnitude higher.[15,17] Nevertheless, this is still significantly higher than the human flicker fusion 

threshold (~60 Hz),[47] and one could find multiple commercial applications for such mode of 

operation including human-machine interfaces, motion detectors, scanners or camera sensors. One 

example of such practical applications is described in our recent study on optical pressure sensors 

where voltage readings are performed at 50 Hz.[25] 

 

3. Conclusions 

Traditionally, open-circuit voltage is the key element of photovoltaic cells. Here we have shown that 

one can operate an organic photodetector in Voc mode to accurately sense low light intensities. The 

proposed approach offers a number of advantages including high responsivity and large linear range. 

In particular, for basic-structure OPDs, the Voc mode presents an exciting workaround to avoid high 

dark currents and their role in reducing the OPD performance. As demonstrated in this work, a 

device strongly affected by dark currents in photocurrent mode is a highly sensitive sensor capable 

of detecting light intensities as low as 400 pW cm-2 while operating in Voc mode. The photovoltage 

detection can be achieved using simple laboratory instrumentation. 
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Our work gives guidelines to further improve the performance of the OPD in photovoltage mode.  

Enlarged shunt resistance, for example, would enhance the responsivity of OPD at low light 

intensities. At the same time, it would yet impede the overall linear range of the detector in 

photovoltage mode, as seen by comparing the magnitudes of the exponential (responsible for the 

logarithmic regime), and linear (responsible for the linear regime) terms in equation (6). On the 

other hand, this comparison reveals that the LDR can be increased by strategies that would likewise 

increase the     in the logarithmic regime, i.e. by improving the charge carrier dissociation 

probability  , reducing bimolecular recombination coefficient  , or selecting materials with larger 

energy level difference     . For this reason, we have selectively chosen OPDs based on rubrene 

and C60 that feature large Voc of 940 mV under solar simulator. One clear impact of this work would 

be to design a photodetector with even higher Voc levels to further improve the LDR. To achieve this, 

the photodetector device structure could be greatly simplified since the influence of dark current is 

eliminated. More interestingly, a high-Voc organic photovoltaic cell could be used here for 

photosensing. 

 

Altogether, the Voc mode provides new options for simple detection of low irradiance. It can be seen 

as a complimentary extension of the conventional photocurrent mode supplying a robust 

photosensing tool for potential commercial applications. 

 

4. Experimental Section 

Materials. PEDOT:PSS aqueous dispersion (1.3-1.7%) was purchased from Heraeus and used without 

any further purification. Rubrene (purity 99.99%, sublimed grade), fullerene (C60, purity 99.5%), 

barium (purity 99.9%) and silver (purity 99.9%) were purchased from Sigma Aldrich and used as 

received. 

Device fabrication. The indium tin oxide (ITO) coated glass substrates (10 Ω per square, squares of 

6.25 cm2) were first cleaned in deionized water with a detergent (Alconox from Sigma Aldrich), then 

sequentially cleaned in an ultrasonic bath with deionized water, acetone, ethanol and isopropanol 

(10 min each) and dried first under oxygen flow, then at 110 C for 5 min. For the deposition process, 

PEDOT:PSS solution (30 nm) was spin-coated at 5,000 rpm for 60 s on the ITO substrates. Samples 

were then dried at 120 °C for 10 min in air and moved into a nitrogen-filled glovebox for the thermal 

evaporation chamber. Rubrene (35 nm), fullerene (25 nm), barium (10 nm) and silver (60 nm) were 

then evaporated at slow rate (< 0.02 nm s-1) and under high vacuum (10-6 mbar). The devices were 

post-annealed in the glovebox for 30 min at 80 C prior to testing. The device active area was 2.25 

mm2. 
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Device characterization. Current density-voltage (J-V) characteristics, open-circuit voltage (Voc) and 

linearity (LDR) measurements were recorded by using a high power, green (528 nm) LED (ILH-ON04-

TRGR-SC201) supplied by Intelligent LED Solutions (ILS) and calibrated with a silicon diode (Osram 

BPX 61). A similar LED (ILH-ON01-TRGR-SC201-WIR200 from ILS) was used for transient 

measurements. Two ND filters (Thorlabs) were used: NE520B-A (OD: 2) and NE550B-A (OD:5). 

USB4000 spectrometer from Ocean Optics was used to acquire electroluminescence spectrum of the 

LED. A Keithley 2604B dual channel source measure unit was used to power the LED and record data 

from organic photodiodes. A Keysight oscilloscope (InfiniiVision DSOX2004a) and an Agilent function 

generator (33500B) were both used for transient measurements. An Agilent digital multimeter 

(34450A) was used to record low voltage measurements. A Newport quantum efficiency 

measurement solution (QUANTX-300) was used to measure the external quantum efficiency and 

resulting responsivity. Optoelectrical characterization of diodes was carried out in a double shielded 

box (Faraday cage). All measurements were performed in air with the device being exposed to 

nitrogen flow. LabVIEW scripts were written to acquire and interpret different input signals 

remotely. 
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