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Abstract 

It is well established that for organic photodetectors (OPD) to compete with their inorganic 

counterparts, low dark currents at reverse bias must be achieved. Here, two rhodanine 

terminated nonfullerene acceptors O-FBR and O-IDTBR are shown to deliver low dark 

currents at -2V of 0.17 nAcm-2 and 0.84 nAcm-2, respectively when combined with the 

synthetically scalable polymer PTQ10 in OPD. These low dark currents contribute to the 

excellent sensitivity to low light of the detectors, reaching values of 0.21 μWcm-2 for PTQ10:O-

FBR-based OPD and 0.57 μWcm-2 for PTQ10:O-IDTBR-based OPD. In both cases, this 

sensitivity exceeds that of a commercially available silicon photodiode. The responsivity of the 

PTQ10:O-FBR-based OPD of 0.34 AW-1 under a reverse bias of -2V also exceeds that of a 

silicon photodiode. Meanwhile, the responsivity of the PTQ10:O-IDTBR of 0.03 AW-1 is 

limited by the energetic offset of the blend. The OPDs deliver high specific detectivities of 

9.6x1012 Jones and 3.3x1011 Jones for O-FBR and O-IDTBR-based blends, respectively. Both 

active layers are blade-coated in air, making them suitable for high-throughput methods. 

Finally, all three of the materials can be synthesised at low cost and on a large scale making 

these blends good candidates for commercial OPD applications.  

  



 

Introduction 

In addition to their function, the integration and cosmetic appeal of electronic components is 

an important consideration.1 As a result, the benefits of organic semiconductors over their 

inorganic counterparts, such as their compatibility with low temperature printing techniques, 

have become increasingly valuable.2–4 One of the many applications to which organic 

semiconductors have been applied is photodetection.5,6 The type of organic photodetector 

investigated here, organic photodiodes (OPD), are closely related to organic photovoltaics 

(OPV).7–9 Both technologies employ a diode architecture with a bulk heterojunction active 

layer consisting of a mixture of electron donating and accepting organic semiconductor 

materials.10,11 In addition, the operation of OPDs and OPVs are similar with an external bias 

being applied between the top and bottom electrodes of the diode. OPVs are operated in 

forward bias to facilitate power extraction from the device, whereas OPDs are operated in 

reverse bias, which is favourable for light detection.7,12 Whilst in OPVs, power conversion 

efficiency is the key parameter used to define how well a device performs, in OPDs 

performance is assessed using several parameters: Responsivity (R), Dark Current (Jd), 

Specific Detectivity (D*), transient times, cut-off frequency, noise equivalent power (NEP) and 

linear dynamic range (LDR).13 The simultaneous optimisation of these parameters can be 

challenging.14,15  

OPDs are well suited to fulfil the shortcomings in performance of their inorganic counterparts 

in several ways. For example, Silicon-based photodetectors typically exhibit poor responsivity 

outside of the visible/near infrared (NIR) region and whilst using other inorganic materials 

does extend responsivity outside of this window, photodetectors based on these inorganic 

materials are typically more expensive. OPDs with good responsivity in the ultra-violet (UV), 

visible and NIR regions have been realised through careful selection of the donor and acceptor 

material. UV-visible light detection was one of the first applications to which OPDs were 



 

applied as part of indirect conversion detectors for X-rays, in which a scintillator absorbs X-

rays and emits lower energy photons of UV-visible light which are then detected by the OPD.5 

These OPDs were based on the acceptor material PC60BM, which absorbs in the UV-visible 

region. More recently, the use of small molecule acceptor materials, which now dominate in 

OPV research and are commonly referred to as nonfullerene acceptors (NFAs), has been key 

to realising broadband detection extending into the NIR as well as selective absorption of 

specific wavelengths within the visible and NIR region.5,16,17  For example, an NFA with a 

narrow bandgap of 1.19 eV was used in a sensitive broadband visible-NIR OPD with 

absorption extending to 1010 nm and delivering an impressive responsivity of 0.5 AW-1 in the  

NIR between 920 – 960 nm.18 Photodetector applications which require detection in the near 

infra-red (NIR) region include biometric sensors such as pulse oximeters, which track blood 

oxygen levels by utilising the difference in red and NIR light absorption of oxygenated and 

deoxygenated haemoglobin within the blood.18,19. In addition, OPDs have also demonstrated 

the ability to monitor the intrinsic optical signals in a living brain tissue.20 

NFAs comprise a wide variety of chemical structures giving them distinct absorption profiles, 

and careful matching of the energetics of a selection of NFAs has allowed the realisation of 

colour selective OPDs by combining two nonfullerene acceptors with complementary 

absorptions each with a transparent donor polymer.21 A high contrast flat panel imager has been 

fabricated based on a blend of the donor polymer P3HT with the nonfullerene acceptor O-

IDTBR.22 The image resolution obtained was dictated by the silicon transistor matrix backplane 

and not limited by the sensitivity of the OPDs. 

In this work, we present two novel blends for highly sensitive OPDs combining the rhodanine 

terminated NFAs, O-FBR and O-IDTBR, with an up-scalable polymer PTQ10. Building on 

previous work investigating the P3HT:O-IDTBR blend for OPDs, the dark current density is 

here reduced by an order of magnitude by replacing P3HT with PTQ10.22 Minimal dark current 



 

densities of 0.17 nAcm-2 and 0.84 nAcm-2 at a reverse bias of -2V are achieved for the O-FBR 

and O-IDTBR based detectors, respectively. A photoresponse was obtained at a light intensity 

as low as 2.12 μWcm-2 for the PTQ10:O-IDTBR-based OPD and 0.57 μWcm-2 for the 

PTQ10:O-FBR-based OPD; neither of which could be detected by a commercially available 

silicon photodiode tested in parallel. For the PTQ10:O-FBR-based OPD, a high responsivity 

of 0.35 AW-1 at 600 nm is obtained, which again exceeds that of a commercially available 

silicon photodiode. The highest R under an applied bias of -2V for the PTQ10:O-IDTBR-based 

OPD is 0.03 AW-1 at 600 nm and is limited by a small energetic offset between the donor and 

acceptor materials. For both OPDs high D* values on the order of 1011-1012 Jones were 

calculated. The effect of the two acceptor materials on OPD performance is rationalised in 

terms of the differences in energetics between the donor and acceptor materials. A key benefit 

of these OPDs is the scalability of the materials synthesis and device processing technique.22–

24 Not only can the synthesis of all three of the organic semiconductors be upscaled at low cost, 

here blade coating the active layers in air provides an appropriate morphology for good OPD 

performance. 

 

Results and Discussion 

The bulk heterojunction active layers employed in the OPDs contain either O-IDTBR or O-

FBR combined with the donor polymer PTQ10. The structures of all three materials are 

presented in Figure 1a. The rhodanine terminated acceptor O-IDTBR has been intensively 

investigated in OPV research, and recently explored as an OPD material. O-IDTBR has 

demonstrated good stability in a variety of blends and been successfully implemented into roll-

to-roll printed modular arrays and a high contrast image sensor.22,23,25  



 

To investigate the effect of changing the acceptor material on OPD performance, the second 

rhodanine terminated nonfullerene acceptor, O-FBR (Figure 1a), was also investigated. O-

FBR contains a fluorene, rather than indacenodithiophene electron donating core within its 

acceptor-donor-acceptor type structure.26 This difference in chemical structure shifts the 

absorption maximum to the blue, as a result of a lower electron density and larger dihedral 

angle between the core and electron deficient end groups. This also results in a complementary 

absorption with PTQ10, as can be seen from the UV-visible absorption spectra in Figure 1c. 

For the PTQ10:O-FBR blend there is a larger offset between highest occupied molecular 

orbitals (HOMO) of the donor and acceptor compared with the PTQ10:O-IDTBR blend 

(Figure 1b). The lowest unoccupied molecular orbitals (LUMO) of the two materials also 

differ significantly leading to very different energetic offset as illustrated in Figure 1b. This 

difference makes for an interesting comparison, as recently it has been shown that the effective 

band-gap of the semiconducting layer is important in dictating the dark current of OPDs.15 The 

selection of PTQ10 as the donor polymer in this study was based on its synthetic scalability. 

PTQ10 can be synthesised in high yield from low-cost precursors making it viable for 

commercial organic electronic applications.24 PTQ10 was designed as a donor polymer for 

OPV applications and demonstrated  no loss in efficiency with increasing layer thickness.24 

This tolerance was another indication that PTQ10 could be a good candidate for OPD 

applications where thick active layers are often used to minimise dark currents. The active 

layers were blade coated in air and comprised of a 1:2 ratio by mass of either PTQ10:O-FBR 

or PTQ10:O-IDTBR (the optimisation of D:A ratio, deposition method and post-processing 

conditions can be found in Figure S1, in the supporting information). The OPDs were 

fabricated with an inverted ITO/ZnO/Active Layer/MoOx/Ag architecture.  As a key parameter 

in dictating OPD sensitivity, the Jd is analysed first. The current density-voltage characteristics 

(J-V) of the devices under no illumination and one sun equivalent illumination are presented in 



 

Figure 2a. From these results, it is clear that the Jd is almost unaffected at increasing reverse 

bias for both devices. At -2V the dark current density of the PTQ10:O-FBR blend is 0.17x10-9 

Acm-2 and of the PTQ10:O-IDTBR blend is 0.84x10-9 Acm-2. In most cases, dark currents are 

observed to increase at high reverse bias voltages due to dark injection from the metal contacts 

into the active layer or thermal generation of charge carriers within the bulk heterojunction. 

The Jd of the PTQ10:O-IDTBR-based OPD is particularly noteworthy as blends employing 

NIR absorbing materials such as O-IDTBR have so far demonstrated higher dark current 

densities compared with those absorbing in the visible, the lowest being 10-9 A cm-2.5  Dark 

currents reported for OPDs are wide ranging and depend on both the materials employed and 

the architecture of the photodetector. Employing a thick active layer has been shown to be 

beneficial for obtaining a low dark current in OPDs. Use of a thick active layer is associated 

with reduced leakage currents due in part to less pinholes forming as the active layer is coated. 

In addition, thick devices will also have a reduced active layer capacitance, thereby increasing 

the response speed of OPDs.7 One commonly used method to obtain thick active layers is 

coating with a doctor blade. This technique is more closely related to roll-to-roll printing than 

spin-coating, which is more typically used in research, but not feasible on an industrial scale. 

For this reason, thick active layers were obtained by doctor blading, resulting in thicknesses of 

close to 450 nm for both blends. In addition, a variety of different hole and electron blocking 

layers have been employed to successfully reduce dark currents in OPDs, relative to traditional 

OPV diode architectures.5,27 In the current work, no such layers are employed, and it is 

envisaged that further enhancement of the dark currents obtained could be achieved by 

optimising the architecture of the OPDs.   

For good photodetection, in addition to a low Jd, an efficient conversion of photons to electrons 

by the OPD is required. The external quantum efficiency (EQE) at a specific wavelength is the 

ratio of power extracted from the device to power incident on the device. EQE is typically 



 

reported for OPVs and is related to the Responsivity (R) of the device by equation 1, where λ 

is the wavelength of incident light, q is the elementary charge, h is Planck’s constant and c is 

the speed of light. R accounts for the differences in energy between photons of different 

wavelengths and is therefore more relevant for OPD applications where a quantitative 

assessment of the incident light is required. 

𝑅(𝜆) = EQE
𝜆𝑞

ℎ𝑐
   (1) 

The responsivities of the two OPDs under short-circuit conditions as well as applied reverse 

bias are displayed in Figure 2b. The peak responsivity under short-circuit conditions of the 

PTQ10:O-FBR blend, which is at 600 nm, is 0.23 AW-1. The R value increases to 0.34 AW-1 

and 0.41 AW-1 when bias voltages of -2 V and -5 V are applied, respectively. This is expected 

as at increased reverse bias the extraction efficiency is improved and is why OPDs are typically 

operated at reverse bias.5 This high responsivity for the PTQ10:O-FBR based OPD is similar 

to values reported for the best performing OPDs and also exceeds that of a commercially 

available silicon photodiode at wavelengths below 630 nm (Figure S2).18,21,22,28,29  

The responsivity of the PTQ10:O-IDTBR blend extends throughout the visible region, 

covering wavelengths from 350-800 nm. However, the peak responsivity of the PTQ10:O-

IDTBR blend is lower than that of O-FBR-based devices, with R of 0.02 AW-1 at 550 nm. 

Again, the R values increase when bias voltages of -2 V and -5 V are applied to 0.03 AW-1 and 

0.04 AW-1, respectively. For efficient charge extraction from a bulk heterojunction blend, an 

energetic driving force for exciton dissociation is required and is provided by an offset between 

the HOMOs and LUMOs of the donor and acceptor material. This offset is required to drive 

exciton dissociation and thereby photocurrent generation. The greater responsivity achieved 

for the PTQ10:O-FBR blend compared to PTQ10:O-IDTBR blend can be attributed to this 

increased driving force due to the type-II offset in O-FBR-based blends. 



 

The response speed of a photodetector is especially important for video imaging applications, 

where there is a need to respond to a certain frequency of incident light without a drop in 

observed signal intensity.30 If the modulation frequency of the incident light is faster than the 

combined rise and fall time of the photodetector, then the maximum photocurrent will not be 

obtained in this time period, and thereby the response signal will be limited. To investigate this, 

firstly the rise and fall times of the OPDs were measured by illuminating them with a 0.5 ms 

square wave pulse of white LED light. Here the rise time is defined as the time taken to achieve 

99% maximum photocurrent intensity from 1% photocurrent intensity and the fall time is the 

converse. From Figure 2c, which shows the rise time for the two OPDs at an applied bias 

of -5 V, it is clear that the PTQ10:O-FBR-based OPD responds faster with a rise time of 12 μs 

compared with 20 μs for the PTQ10:O-IDTBR-based OPD. The fall times for the two devices 

also follow this trend and are 15 μs and 25 μs for the O-FBR and O-IDTBR based OPDs 

respectively (Figure S3).  

In general, the frequency at which the photoresponse drops to 1/√2 of the maximum 

photocurrent intensity is known as the -3 dB limit and this is the level generally used to define 

the cut-off frequency of an OPD.31 This -3 dB limit is calculated according to equation 2 where 

imax is the maximum photocurrent intensity and ifreq is the photocurrent intensity for a specific 

frequency of incident light. In this case, the cut-off frequencies were measured using sinusoidal 

white LED light of frequencies between 20 Hz – 100 kHz and a plot of the damping as a 

function of frequency is displayed in Figure S4. Here the cut-off frequencies were determined 

as 110 kHz for the PTQ10:O-FBR-based OPD and 90 kHz for PTQ10:O-IDTBR-based OPD 

when biased at -5V (Figure S4). For most video applications, a cut-off frequency of 10 kHz is 

sufficient, i.e. the photodetector responds to incident 0.1 ms light pulses without a drop in 

photocurrent intensity greater than the -3 dB limit.6 Both blends investigated in this study 

exceed this specification.  



 

𝐷𝑎𝑚𝑝𝑖𝑛𝑔(𝑓𝑟𝑒𝑞) = −20lo g (
𝑖𝑚𝑎𝑥

𝑖𝑓𝑟𝑒𝑞.
)   (2) 

To better understand the faster response time of the PTQ10:O-FBR devices, the effective bulk 

drift mobility () of both devices was measured using the charge extraction at short-circuit 

method.32 As shown in Figure S5, the PTQ10:O-IDTBR blend exhibits a lower drift mobility 

compared to PTQ10:O-FBR based OPD. Interestingly, the O-FBR based OPD demonstrates  

values less dependent on the charge density than the O-IDTBR blends, which suggests more 

ordered transport in the PTQ10:O-FBR blend. This can explain the faster response time and 

speed of the PTQ10:O-FBR based devices.33 

When reporting the sensitivity of an OPD, the noise current (in) associated with the output 

signal is a key consideration. This noise arises due to the discrete nature of electrons and their 

resulting thermal and statistical fluctuations (thermal and shot noise).13 The noise current can 

be calculated according to equation 3, where q is the elementary charge, id is the dark current, 

k is the Boltzmann constant, T is the temperature and Rshunt is the shunt resistance.34 The first 

term, including Jd, accounts for the shot noise and the second term, derived from the shunt 

resistance (Rshunt), is for the thermal noise. Here, Rshunt is determined from the dark J-V 

characteristics. Ideally, the frequency dependence and intensity dependence of the noise current 

should also be considered. Figure S6 illustrates the noise power spectra calculated from a fast 

Fourier transform (FFT) of the dark current. The noise floor has been reached at frequency as 

low as 0.1 Hz suggesting that the flicker noise is negligible for frequencies above 0.1 Hz.8,35 

(𝑖𝑛)2 = (2𝑞𝑖𝑑 +
4𝑘𝑇

𝑅𝑠ℎ𝑢𝑛𝑡
)  (3) 

From the noise current, the noise equivalent power (NEP), which is the incident light intensity 

at which no photocurrent response can be distinguished from the noise current (in) in the output 

signal, can be calculated using equation 4. 



 

𝑁𝐸𝑃 =
𝑖𝑛

𝑅
 (4) 

One of the key metrics used to define how well an OPD is performing is specific detectivity, 

D*. D* provides information on both the signal stability and detector sensitivity by combining 

measurements of the noise current and responsivity. D* can be calculated from R and in 

according to equation 5, where A is the photodetector area and Δf is the measurement system 

bandwidth. 

𝐷∗ =
√𝐴∆𝑓

𝑁𝐸𝑃
=

√𝐴∆𝑓𝑅

𝑖𝑛
 (5) 

Plots of D* as a function of wavelength, calculated using this method at an applied reverse bias 

of both -2 V and -5 V, are presented in Figure 2d. The PTQ10:O-IDTBR blend exhibits a 

highly uniform D*, extending from 350 nm to 750 nm, of around 5x1011
 Jones; with detection 

extending further into the near infra-red. In contrast, the PTQ10:O-FBR blend exhibits specific 

detectivities of over 1012 Jones up to a wavelength of 610 nm where it peaks at 9.6 x 1012 Jones. 

Often D* is calculated directly from the dark current density (Jd) using equation 6, where q is 

the elementary charge. This calculation assumes shot noise is the major contributor to noise in 

the output current and ignores the contributions of all other types of noise.14,22 Ignoring the 

contribution of thermal noise to the output signal of OPDs has been observed to lead to 

significant overestimations in NEP and D*.13 In good agreement with this, the D* values 

determined here using equation 6 are significantly overestimated, with values over 1013 Jones 

being calculated for the PTQ10:O-FBR-based OPD. These values for D* are presented in 

Figure S7. 

𝐷∗ =
𝑅

√2𝑞𝐽𝑑
  (6) 

In addition to detection of low light levels, a linear responsivity to varying light intensity is 

also desirable. For applications which require high contrast detection, such as image sensors, a 



 

large difference between the minimum and maximum signal extracted is important. The metric 

which gives this breadth of sensitivity is the linear dynamic range (LDR). LDR expresses the 

ratio of photocurrent, which is the difference between the current density under illumination 

and in the dark, at high light intensity (jmax) to photocurrent at low light intensity (jmin) in 

decibels according to equation 7. Figure S8 includes a plot of photocurrent against incident 

light intensity for the OPDs when operating under both a -5V and -2V bias. The highest light 

intensity incident on the device was 100 mWcm-2, applied using an AM1.5G solar simulator. 

To measure the photocurrent at lower light intensities neutral density filters were placed 

between the solar simulators Xenon lamp and the OPDs. For both OPDs a linear trend in 

photocurrent with decreasing light intensity is observed down to a light intensity of 

0.01 mWcm-2 (Figure S9). From this trend, LDR values of 68 dB and 72 dB were calculated 

for the PTQ10:O-FBR and PTQ10:O-IDTBR based OPDs respectively at an applied bias of -

5V. Similarly, at an applied bias of -2V the calculated LDR values are 72 dB and 71 dB, 

respectively. 

 𝐿𝐷𝑅 = 20log (
𝑗𝑚𝑎𝑥

𝑗𝑚𝑖𝑛
)  (7) 

To further investigate the sensitivity of these OPDs to low light intensities, a second setup was 

used where the light from a 532 nm laser diode was again attenuated using neutral density 

filters. The plots in Figure 3 show the current transients from the OPDs on application of this 

monochromatic light of 532nm at low intensities. A light intensity down to 2.12 Wcm-2 was 

detectable for the PTQ10:O-IDTBR-based OPD. The detection of low light levels was further 

enhanced in PTQ10:O-FBR devices, with detection of light down to 0.57 Wcm-2. The 

improved light detection in O-FBR-based OPD results from the lower Jd. Notably, a 

commercially available silicon photodiode was unable to detect a photocurrent response even 

at a light intensity of 2.12 μWcm-2 as shown in Figure S10. This highlights that the two OPDs 



 

fabricated in this study are extremely sensitive to low light as a result of the minimal noise 

observed in their output signals. 

To investigate whether the differences in device performance had a microstructural origin, 

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) was employed. While O-IDTBR 

and PTQ10 thin films show a semi-crystalline nature, O-FBR displays an amorphous 

microstructure, as shown in the 2D-patterns in Figure 4, in line with previous reports.24,26,36 In 

particular, O-IDTBR exhibits a clear face-on orientation with a narrow in-plane diffraction 

associated with lamellar stacking in the direction of  the alkyl chains and a broader out-of-plane 

diffraction corresponding to 𝜋-𝜋 stacking. PTQ10 shows a more isotropic distribution of 

crystals, with both lamellar and 𝜋-𝜋 stacking, producing rings in the diffraction pattern. O-FBR 

does not show any significant sign of crystallinity. When the NFAs are blended with PTQ10, 

similar features can be observed. Indeed, PTQ10:O-IDTBR thin films show distinct 

diffractions associated with both donor and acceptor, however, here the lamellar stacking peak 

of the NFA tends to arc around the 2D diffraction pattern. No appreciable differences in the 

peak positions are found when scattering profiles of blend and neat thin films are compared, as 

shown in Figure S11, suggesting that the crystal structure of both materials is preserved. 

PTQ10:O-FBR blends show a 2D GIWAXS pattern exhibiting diffractions of the donor 

polymer, while features related to the NFA are absent. The difference in crystallinity between 

O-IDTBR and O-FBR will also affect intermolecular interactions resulting in distinct energetic 

disorder for the two active layers.36 The latter is known to have an effect on OPD performance, 

in particular on the dark current.37 The higher microstructural order in PTQ10:O-IDTBR blends 

could therefore be responsible for the lower dark current and reduced bias dependence 

displayed by the OPDs relative to the PTQ10:O-FBR OPDs at high reverse voltages, where the 

effect of dark injection is higher. 



 

Part of the motivation for selecting O-IDTBR and O-FBR as the acceptor materials for this 

study was the significant differences in energetic offsets within the blends and the effect this 

might have on OPD performance. Previously, for blends combining PC60BM with a variety of 

polymers, an exponential trend of reduced Jd with increased open circuit voltage was observed. 

In fact, it was shown that the magnitude of Jd and its activation energy can be described by the 

energetic disorder of the active layer as well as the charge injection into and transport within 

the layer.[5]  In the current work, it appears that this trend also applies for this class of 

nonfullerene acceptors, suggesting that the higher photovoltage in O-FBR-based OPD plays a 

major role in reducing charge injection into the active layer, despite the less ordered 

microstructure. This is further confirmed by the replacement of PTQ10 with P3HT. The OPD 

devices based on P3HT:O-FBR and P3HT:O-IDTBR both delivered higher Jd at -2V compared 

to the PTQ10-based OPD, due to the lower Voc in the P3HT blends (Figure S12). 

Finally, to explore the scalability of PTQ10:O-FBR OPDs, large area devices were fabricated 

(1 cm2) as shown in the photograph included in Figure S13. Subsequent characterisation of the 

large area devices yielded an average dark current of 40 nA cm-2 at -2V. This value is higher 

than that reported here for the small area devices which can be explained by increased pin-

holes and reduced shunt resistance. Nonetheless, this value is among the lowest reported Jd for 

large area OPD devices, highlighting the feasibility for processing the PTQ10:O-FBR blend 

using high throughput methods..  

 

Conclusion 

In summary, two new blends for organic photodetector applications have been proposed based 

on the combination of the acceptors O-FBR and O-IDTBR with the polymer PTQ10. These 

photodetectors deliver specific detectivity values of over 1012 Jones for the PTQ10:O-FBR-



 

based detector and over 1011 for the PTQ10:O-IDTBR-based detector. Both blends exhibit 

exceptionally low dark currents at -2 V applied bias of 0.17 nA cm-2 and 0.84 nA cm-2, 

respectively. Here we demonstrate that two nonfullerene based blends with high open circuit 

voltages, 1.26 V for the PTQ10:O-FBR OPD and 1.14 V for the PTQ10:O-IDTBR OPD, can 

achieve exceptionally low dark currents. The lower dark current of the higher open-circuit 

voltage PTQ10:O-FBR OPD follows a trend previously only demonstrated for PCBM based 

OPDs. The low dark currents achieved contribute to the excellent sensitivity to low light of the 

detectors down to a light intensity of 0.57 Wcm-2 for the PTQ10:O-FBR based OPD and 2.12 

Wcm-2 for the PTQ10:O-IDTBR-based blend. These results can stimulate further 

development of OPDs with high sensitivity to low light intensity, which is of utmost of 

importance with the advent of the internet of things, where billions of devices will operate in 

indoor conditions and at low light levels. 

 

  



 

Experimental Section 

Materials: O-IDTBR and O-FBR were synthesised according to previously reported 

methods.[26,34] The polymer PTQ10 was purchased from 1-Material. 

Photodetector Fabrication: The PTQ10:O-IDTBR and PTQ10:O-FBR based organic 

photodiodes were fabricated in an inverted architecture of ITO/ZnO/Active Layer/MoOx/Ag. 

Glass substrates pre-patterned with indium tin oxide (ITO) were cleaned by sequential 

sonication in acetone, deionised water, Decon 90 detergent, deionised water and propan-2-ol 

each for 10 minutes. Following this a 7 minute oxygen plasma treatment was performed. Zinc 

oxide (ZnO) precursor solution was prepared from zinc acetate dihydrate (219.5 mg), 

ethanolamine (60 μl) and 2-methoxyethanol (2 ml). This ZnO precursor solution was filtered 

through a 0.45 µm Acrodisc filter, spin-coated onto the plasma treated substrates at 4000 

rpm/40 seconds and annealed at 150 °C/20 minutes. The PTQ10:O-IDTBR (1:2) and 

PTQ10:O-FBR (1:2) active layers were deposited by doctor blading 40 μl of 30 mgml-1 

solutions in chlorobenzene heated to 60 °C with the gap between the substrate and blade set to 

1500 μm, a coating speed of 60 mms-1 and the blade coater bed at 60 °C. Molybdenum oxide 

(MoOx) (10 nm) and silver (Ag) (100 nm) were then deposited by evaporation through a 

shadow mask giving photodiodes with pixel areas of 0.045 cm2. 

J-V Measurements: J-V characteristics were measured using Keithley 4200 Source-Measure 

unit. An Oriel Instruments Solar Simulator with a Xenon lamp and calibrated to a silicon 

reference cell was used to provide AM1.5G irradiance. For determination of the Linear 

Dynamic Range (LDR) this light was attenuated using a selection of neutral density filters 

placed between the lamp and OPD. The photocurrent (Jph) was calculated as the difference in 

response between the illuminated current density (Jlight) and dark current density (Jd) at each 

light intensity. 



 

Responsivity: Responsivity was measured using an integrated system from Quantum Design 

PV300. All the devices were tested in ambient air. 

Dynamic Measurements: Dynamic measurements were performed using a digital oscilloscope 

(Tektronix TDS3032B). The OPDs were illuminated with a neutral white light LED driven by 

a function generator (ThorLabs DC2200). For determination of the rise and fall time a 2 kHz 

square wave pulse was applied to the LED using the function generator. For determination of 

the cut-off frequency sinusoidal functions with varying frequencies between 20 Hz and 100 

kHz were used to drive the LED.  

Continuous Wave Sensitivity Measurements: The OPDs were illuminated using a collimated 

diode laser of 532 nm continuous wave light (CPS532, Thorlabs). An optical chopper system 

(Thorlabs, MC2000B controller and MC1F30 blade) with a lock-in amplifier (SR830, Stanford 

Research Systems) were used for photocurrent detection in the device. The diode laser light 

intensity was measured with the Silicon photodiode sensor (PM16-120, Thorlabs) and a series 

of neutral density filters were used for attenuating the beam at the OPDs. The photocurrent 

response in a device was measured against time using a beam blocker to record both dark (noise 

floor) and light (signal) responses. Figure 3 shows the magnitude of the in-phase component 

under different illumination conditions. The measurements were conducted in a dark room 

suppressing light pollution on the detectors during measurements, which was especially 

important for low intensity readings. The lock-in time constant was set to 300 ms, 

corresponding to 3.33 Hz electrical bandwidth, and the chopper frequency of 513 Hz was used 

for all measurements.  

Grazing Incidence Wide Angle Scattering (GIWAXS) Measurements: GIWAXS measurements 

were performed at the non-crystalline diffraction beamline (BL11-NCD-Sweet) at ALBA 

Synchrotron Radiation Facility in Barcelona (Spain). A detector (Rayonix, WAXS LX255-HS) 



 

with a resolution of 1920 × 5760 pixels was used to collect the scattering signals. Sample holder 

position was calibrated with chromium oxide (Cr2O3) standard. The incident energy was 12.4 

eV and the sample-to-detector distance was set at 200.93 mm. The angle of incidence αi was 

set between 0.1-0.15 and the exposure time was 5 s. 2D-GIWAXS patterns were corrected as 

a function of the components of the scattering vector with a Matlab® script developed by 

Aurora Nogales and Edgar Gutiérrez.1 Thin films were cast onto highly doped silicon substrates 

following same processing route used for the device fabrication. 

Charge Extraction Measurements: Charge extraction at short-circuit was performed at varying 

light intensities between 0.1 and 7 times the equivalent intensity of AM1.5G illumination 

applied using a ring of 12 white light LEDs calibrated according to the Jsc and Voc of the 

devices measured using a LOT Oriel solar simulator. The Devices were illuminated for several 

hundred milliseconds to allow them to reach steady state conditions before charge extraction 

transients were acquired using a DAQ card connected to a Tektronix TDS 3032 oscilloscope. 

The experimentally determined charge carrier density (nsc) and short-circuit current density 

(Jsc) are then used to calculate the effective drift mobility (µdrift) according to equation 1.2 

Where d is the film thickness, e is the elementary charge and VBI is the built in potential. In 

this case the VBI is taken as the difference in Voc between the illuminated and dark current-

voltage characteristics and is 1.29 V for the PTQ10:O-FBR blend and 1.13 V for the PTQ10:O-

IDTBR blend. In this work the factor f(δ) was taken as 2.2.   

𝜇𝑑𝑟𝑖𝑓𝑡 = − (
𝐽𝑆𝐶𝑑

𝑒𝑛𝑆𝐶
) (

1

𝑓(𝛿)𝑉𝐵𝐼
) 
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Figure 1| (a) Chemical structures of PTQ10, O-IDTBR and O-FBR. (b) Energy levels for the 

materials: previously reported and determined using cyclic voltammetry.24,38 (c) UV-vis 
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Absorption of PTQ10, O-IDTBR and O-FBR. (d) Schematic of the blade-coating process 

utilised to fabricate the OPD. 

 

 

Figure 2| (a) Current-voltage characteristics of OPDs based on PTQ10:O-FBR and PTQ10:O-

IDTBR. (b) Responsivity of OPDs based on PTQ10:O-FBR and PTQ10:O-IDTBR as a 

function of bias. (c) Normalised rise-time transient for OPDs based on PTQ10:O-FBR and 

PTQ10:O-IDTBR measured at -5V reverse bias. (d) Specific detectivity as a function of 

wavelength determined from the NEP at both -2V and -5V for OPDs based on PTQ10:O-FBR 

and PTQ10:O-IDTBR. 
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Figure 3| Response of OPD under short-circuit conditions to pulsed light applied with a 532 

nm laser diode and attenuated with neutral density filters for (a) OPD based on PTQ10:O-

IDTBR and (b) OPD based on PTQ10:O-FBR. 



 

 

Figure 4| 2D Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) patterns of (a) O-

FBR, (b) O-IDTBR, (c) PTQ10, (d) PTQ10:O-FBR, (e) PTQ10:O-IDTBR. 

 

Table 1| Key performance parameters for OPDs based on PTQ10:O-IDTBR and PTQ10:O-

FBR including dark current density (Jd), Responsivity (R), Linear Dynamic Range (LDR),) and 

Specific Detectivity (D*) all reported at -2V reverse bias. 

 Jd / A cm-2 R / AW-1  

(@ λ / nm)  

LDR / dB D* / Jones 

(@ λ / nm) 

PTQ10:O-IDTBR 8.4×10-10 

(8.7±1.0)×10-10 

0.03 (560) 71 3.3 × 1011 (560) 

PTQ10:O-FBR 1.7×10-10 

(2.5±0.9)×10-10 

0.34 (610) 72 9.6 × 1012 (610) 
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