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Abstract 
In this work the efficiency of semitransparent Organic photovoltaic (OPV) devices 

for low intensity applications is investigated as a function of the processing conditions. 

It is observed that a thermal treatment of the organic layer induces fullerene migration 

towards the active layer/air interface. This physical process gives rise to different 

vertical segregation profile of donor and acceptor molecules. Once the back contact is 

deposited the amount of fullerene covering the surface will determine the contact 

selectivity and leakage current of the device. Control of this leakage current may not be 

essential for devices fabricated for high illumination conditions applications. However, 

devices to be used under low illumination conditions may be highly influenced by the 

presence of this parasitic dark current which flows in the opposite direction to 

photogenerated current. At the proximity of the contacts the vertical segregation profile 

is inferred from optical and electrical measurements. In particular, External Quantum 

Efficiency (EQE) measurements carried out from a relatively opaque back contact 

provide local information on the materials spatially close to the light source. 

Alternatively, Capacitance-Voltage measurements enable calculation of the percentage 

of fullerene molecules covering the cathode contact. Overall, a versatile method that can 

be used in regular and inverted configuration is presented that explain the different 

behavior observed for devices to be used under low illumination conditions. 
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Introduction 
Organic Photovoltaics (OPV) have been studied for nearly 30 years and the 

technology is now on the verge of commercialization. With record power conversion 

efficiencies slightly exceeding 10 % OPV still lag behind other technologies such as 

Silicon-based photovoltaics that can provide 20 % in modules.1 However, the benefits of 

OPV rely on the possibility to produce flexible and low weight products with a high 

degree of design freedom with very rapid payback times.2 In addition, it has been 

claimed that OPV can overperform silicon technology under low light conditions.3 

These advantages and the ease of handling in subsequent product-integration processes 

will enable its implementation into new consumer and portable electronics such as 

building-integrated photovoltaic (BIPV) products. value-

added applications may be envisaged such as the use of semitransparent windows BIPV 

that permit both natural or color designed room illumination with production of solar 

electricity. Such a semitransparent device could additionally function during the night as 

a room light scavenger working under low illumination conditions to recover part of the 

wasted  illumination energy. 

The search for new semitransparent electrodes have made available a range of 

materials such as thin Ag electrodes, Ag nanowires4, free-standing carbon nanotube5 or 

highly conductive PEDOT:PSS6. Using all the knowledge learnt from OPVs during the 

last decade semitransparent devices with conversion efficiencies (PCE) as high as of 5.4 

% in single layer7 or 7 % in tandem configuration8 have been obtained with average 

transmission of 30%. Alternatively, PCE of 6.4% have been achieved with a maximum 

transmission of 51% at 550 nm in the tandem configuration.8 Unfortunately, any 

information related to the physical requirements or working principles for devices to be 

used under low light intensities is rather scarce.  

It is well known that morphology of the donor:acceptor blend of the organic layer is a 

critical aspect towards the final device efficiency.9-10 For this reason several processing 

conditions have been developed which enable adequate morphology in the bulk of the 

organic blend.11 Additionally, selectivity of the contacts play a very important role as an 

adequate vertical phase segregation of the donor and acceptor molecules is required 

where the fullerene molecules are in close contact with the selective layer to electrons 
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and the polymer with the electrode selective to holes.12-13 For example, it is known that a 

thermal or solvent annealing is an essential procedure for standard P3HT:PCBM bulk 

heterojunction (BHJ) solar cells to improve solar cells efficiency by creating appropriate 

morphology and vertical phase segregation.14 Importantly, this vertical segregation 

depends on the substrate where the organic layer is deposited and different device 

architectures may be designed to enable contacts rich on either polymer or fullerene.12  

A range of different techniques have been developed to study segregation of donor 

and acceptor molecules within the active layer.15 Amongst the different types some 

provide 3D structural information of the bulk of the active layer and include grazing 

incidence X-ray diffraction (GIXRD), variable-angle spectroscopic ellipsometry 

(VASE), transmission electron microscopy (TEM) or secondary ion mass spectrometry 

(SIMS).16 Alternatively, other techniques look into the active layer/air interface and 

include techniques such as atomic force microscopy (AFM), Scanning electron 

microscopy (SEM) or Capacitance-Voltage (C-V). The abovementioned techniques are 

complementary and each presents their own limitations that make them inaccessible to 

many research labs. For example, most of them require sophisticated and expensive 

equipment (GIXRD or TEM), some are destructive (SIMS, GIXRD or TEM) and most 

do not allow the measurement on working devices being the exception C-V and VASE 

(if very thin contact layers are used), as a drawback they are both non-direct techniques 

that requires mathematical estimations. Of particular interest for the purpose of the 

present work is the use of a purely electrical technique such as C-V able to provide 

information on the donor/acceptor ratio at the cathode contact in completed devices.13 

This work is focused on providing clear understanding about the role of contact 

selectivity on semitransparent devices operating under low illumination conditions. For 

the different configurations studied a thermal treatment induces the migration of 

fullerene molecules towards the active layer/air interface which will ultimately 

determine the contact selectivity. Shunt resistance under varied illumination 

(photoshunt) is observed to be a determining parameter especially under low irradiation. 

Indeed, the selection of regular or inverted architecture as well as the processing 

conditions is a critical feature to take into account for devices to be used under low 

illumination conditions.  
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Experimental 
Materials 

P3HT (Luminescence Technology Corp.), PCBM (PC60BM, Solenne, 99 %), o-

dichlorobenzene (Aldrich, 99.9 %), PEDOT:PSS (CLEVIOS P Al 4083), 

Ink), Ca (Aldrich, 99.995 %), MoO3 (Aldrich, 99.98 %) and Ag (Aldrich, 99.99 %) were 

used as received without further purification. Pre-patterned ITO (Xin Yan, XY10S) was 

cleaned with detergent and sonication followed by several rinsing steps with water, 

ethanol and isopropanol. Organic matter was removed by introducing the devices into 

UV-ozone chamber for 15 min. The active layer films were prepared from the 

P3HT:PCBM solution (1:0.8 by weight) in o-dichlorobenzene (17 mg mL-1) and were 

stirred at 80ºC for 12 hours until complete dissolution. The concentration in o-

dichlorobenzene solvent of the pure P3HT and PCBM solutions were 17 mg mL-1 and 

13.6 mg mL-1, respectively. All manipulations were carried out in a glove box under a 

nitrogen atmosphere unless otherwise stated. 

 
Device fabrication 

For the regular device architecture glass substrates with patterned ITO were covered 

by PEDOT:PSS by spin coating at 5500 rpm for 60 seconds. Films were dried by 

annealing for 10 minutes at 120°C in air followed by a further thermal treatment in the 

glovebox for another 10 minutes at 110°C to remove residual moisture. In case of 

inverted architecture, ZnO nanoparticles dispersed in isopropanol were deposited by the 

spincoating procedure of at 1000 rpm for 40 seconds onto the glass/ITO substrates to 

form 30 nm layer and then annealed for 30 seconds at 75°C. Polymer-fullerene 

heterojunction layer was created by spin coating of 55 l of prepared P3HT:PCBM 

solution at 1200 rpm for 15 seconds, the wet film was solvent annealed in a petri dish 

for 60 minutes (Solvent annealed). Half of the considered devices were further thermally 

treated at 130°C for 10 minutes to obtain the second set of processing conditions 

(Solvent + Thermal annealed). Top electrodes were deposited by sequential evaporation 

of Ca (7) and Ag (30 nm). Alternatively, for inverted devices MoO3 (5 nm)/Ag(25 nm) 

was evaporated. In both type of device configurations semitransparent back electrode 

were obtained. A total of 10 devices were measured using each of the conditions 

mentioned above. 
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Characterization techniques 
Film thickness was determined by a VEECO DEKTACK 6M Stylus Profiler. The 

current density-voltage measurements were carried out under illumination using an Abet 

Sun 2000 solar simulator with an air mass (AM) 1.5G filter. The simulated light 

intensity was adjusted to 1000 W m-2 by using a NREL-calibrated Si solar cell. Low 

illumination conditions were created by using calibrated perforated sheets commercially 

available (ABET) which do not modify the spectrum of the light whilst maintaining the 

light homogeneity. External Quantum Efficiency (EQE) measurements were performed 

using a 150 W Xe lamp coupled with a monochromator controlled by a computer. The 

light intensity was measured using an optical power meter 70310 from Oriel Instruments 

where a Si photodiode was used to calibrate the system. Capacitance-Voltage data were 

measured using a Autolab PGSTAT-30 equipped with a frequency analyzer module, small 

voltage perturbation (20 mV rms) at 1000 Hz was applied in dark conditions. 

 

Results and discussion 
A set of semitransparent devices were prepared in the configuration 

ITO/PEDOT:PSS/P3HT:PCBM/Ca/Ag as displayed in Figure 1. Semitransparency of 

the back electrode provided maximum transmittance of 26 % at 440nm and average 

transparency in the visible region (390-700 nm) of 15 % that allows illumination from 

both sides (see in Supporting Information Figure SI1). Two different approaches to 

provide adequate morphology were followed, in the first the organic layer was spin 

coated and when still wet was introduced into a petri dish to slowly dry the organic layer 

during 1 h. In a second method after solvent annealing devices were thermally treated at 

120 °C for 10 minutes. The different set of conditions will be denoted in the manuscript 

as solvent annealing and solvent + thermal annealing, respectively. The bulk 

morphology of the films using the different conditions did not differ significantly in 

terms of domain size/shape as can be observed in the dark field TEM images shown in 

the supporting information (Figure SI2). Devices were electrically and optically 

characterized by using different techniques. 
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Figure 1: Scheme of the semitransparent device configuration indicating the different processing 

conditions used. Devices have been either illuminated from the ITO/PEDOT:PSS (Front) or from the 

semitransparent Ca/Ag electrode (Back). Fullerenes migration induced by thermal treatment is 

schematically represented by showing a higher concentration of dots (fullerenes) close to the Ca/Ag 

electrode. 

 

Device performance parameters were analyzed under different light intensity 

conditions using a solar simulator. Here, the spectrum of 1.5G (AM) was not modified 

by using metal perforated sheets to reduce the power intensity whilst maintaining the 

light homogeneity. Efficiency of photovoltaic devices is calculated as a function of the 

light intensity of the illumination source as PCE = (Jsc×Voc×FF)/I0. Where Jsc is the 

current at short circuit, Voc is the open circuit current, FF the Fill Factor and I0 the light 

intensity of the source. Both processing conditions provided similar PCE under one sun 

light intensity conditions as shown in Table 1 (front illuminated ~2.6-2.7 %). 

Interestingly, when the light intensity is reduced only the device processed using both 

solvent and thermal annealing retains the efficiency under low light intensity conditions. 
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On the other hand, the device solvent annealed dramatically reduces the PCE and at 330 

Wm-2 the efficiency is already half of that observed at 1 sun (Figure 2). Interestingly, 

this drop in efficiency clearly correlates with a drop in the achievable photocurrent of 

the device. Here the Jsc has been normalized to take into account the difference in light 

intensity. In order to provide understanding on these observation further electrical 

measurements were carried out. 

 

Figure 2: Performance parameters measured under different light intensity conditions. Whilst devices 

processed using solvent annealing conditions dramatically reduce they PCE mainly due to a decrease in 

photocurrent, devices which undertook a further thermal annealing treatment maintain the efficiency. 

Obtained Jsc values in mA/cm2 are indicated in the Jsc/I0 graph for the devices solvent annealed. 

 

Current density vs voltage curves of devices were measured from both 

semitransparent sides being front and back illumination as depicted in Figure 1, 

ITO/PEDOT:PSS (Front) and Ca/Ag (Back). In both measurements devices processed 
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with only solvent annealing provided slightly better performance as shown in Figure 3 

in good agreement with previously reported data for P3HT:PCBM with similar levels of 

transparency.14 Performance parameters are in the range of 2.7 % illuminating from the 

front and drops to about 0.7 % if illuminated from the Ca/Ag side as a significant part of 

the light is absorbed/reflected by the metal layers. Interestingly, if we take into account 

the low transparency of the back contact efficiency when the device is illuminated from 

Ca/Ag is remarkably high. Fill Factors are in the order of 60 % and slightly increased 

when illuminated from the Back electrode. The obtained high efficiency when 

illuminated from Ca/Ag electrode correlates with an improvement in the fill factor and 

an increase of the shunt resistance. 

 

Figure 3: J-V curves of P3HT:PCBM devices processed by either solvent annealing  or by having and 

additional thermal treatment. Normalized External quantum efficiency of measurements carried out 

illuminating from the Devices have been either illuminated from the ITO or from the semitransparent 

Silver electrode (Back). 

External quantum efficiency (EQE) measurements are shown in Figure 3. When 
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devices are illuminated from the front contact (ITO/PEDOT:PSS) no noticeable spectra 

differences are observed between the two processing conditions. Strikingly, when EQE 

are recorded by illumination from the back electrode the relative contribution to the 

photocurrent of PCBM (<450 nm) and P3HT (~400-650 nm) is seriously affected by the 

processing conditions used in each device. Therefore EQE measurement illuminating 

from the back electrode (highly opaque) provides local information on the materials 

actually close to the semitransparent contact. It is important to note that EQE is in 

general a technique carried out under low illumination conditions and its use by 

illumination of the back contact further reduces the intensity of the light. Therefore, 

local concentration may be detected as a result of using both low light intensity and 

materials with high extinction coefficient in the organic layer. This correlation of EQE 

response and local information of the back contact will be further supported below for 

devices prepared with an inverted configuration. For the regular configuration the 

relative fullerene/polymer intensity ratio of EQE peaks increases for the device 

thermally annealed thus indicating that fullerene molecules contribute more to the 

photocurrent than in the case of solvent annealed devices. These results can be explained 

in terms of vertical segregation of the fullerene polymer across the active layer. This 

would be the result of PCBM molecules migrating towards the active layer/air interface 

by the use of the thermal treatment. Therefore, once the cathode contact is deposited 

fullerene molecules will be in contact with the Ca/Ag improving the contact selectivity 

as it will be discussed below.12  

We have previously described a method to calculate the proportion of fullerene 

molecules in close contact with the cathode which relies on a purely electrical technique 

such as Capacitance-Voltage.13 In this methodology the flat-band potential (VFB) or 

potential required to provide a flat band profile is correlated with the band-bending of 

the organic layer at the vicinity of the cathode and generation of a dipole at the 

interface.17 The magnitude of such a dipole depends on the amount of fullerene 

molecules in contact with the cathode being higher for a high proportion of fullerene 

molecules which in turns reduces the magnitude of the VFB. This method has already 

been used for a range of materials such as PTB7:PC71BM.18,19 In addition, fullerene 

content calculated with this method correlates with other advanced microscopy 

techniques such as the nanoscale mapping by electron energy-loss spectroscopy.20 It is 
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important to note that the final proportion of fullerene/polymer at the top of the active 

layer blend is highly dependent not only on the processing conditions of the active layer 

but also on the substrate on which the active layer is deposited.12 Indeed, formation of a 

skin layer of polymer has also been observed in the literature.21-23 Here we observe that 

VFB shifts significantly with the processing conditions from 0.47 V (solvent) to 0.35V 

(solvent + thermal). Preparing devices with full coverage of either polymer or fullerene 

(see Supporting Information) we can correlate these VFB values with fullerene coverage 

of 97% and 68%, respectively. Therefore, based on these results it can be clearly 

conclude that devices processed using solvent and thermal annealing show high 

coverage of fullerene molecules. Therefore high electron selectivity of the cathode 

contact is assured by the presence of fullerene molecules contacting the cathode.  

The current measured under dark conditions that can be extracted from the diode 

curves at negative bias is known to be a measurement of the leakage current of the 

device (Figure 4a), results are summarized in Table 1. Values of the leakage current are 

proposed as a guide on the selectivity of the contacts encountered at high illumination 

conditions. High current at negative bias and low shunt resistance is then a clear sign of 

devices with contacts poorly selective. Figure 4b shows how Rsh increases with a 

reduction of the light intensity for both devices. However, the difference between values 

is small at 1 sun light intensity (930  cm2) increasing at low illumination conditions 

(2054  cm2). Similarly, when the device is illuminated from Ca/Ag the light intensity 

is reduced and Rsh increases to similar levels as those observed for illumination from the 

ITO side at low light intensity levels, see Table 1. This behavior relates to the 

occurrence of a light-dependent leakage current giving rise to a photoshunt24 

presumably related to the selectivity features of the cathode contact. Importantly, at low 

illumination conditions there is a clear competition between the dark and 

photogenerated currents as both flow in opposite direction as depicted in Figure 4c. 

Indeed, the dark current at negative bias (-1 V) for the device only solvent annealed 

(0.57 mA cm-2) represents already a 50% of the obtained Jsc at 330 Wm-2 (1.13 mA cm-

2). For comparison purposes the Jsc obtained at the different light intensity conditions for 

the solvent annealed devices are shown in Figure 2. In this case, the observed 

photocurrent decrease at low illumination conditions is clearly connected with the 
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relative increase in leakage current and the low proportion of fullerene molecules 

covering the cathode contact. Importantly, no difference in the expected photocurrent is 

observed for a device that shows a highly selective cathode as that obtained from the 

solvent and thermal annealing. This correlation between fullerene coverage at the 

cathode, contact selectivity and leakage current suggests an interfacial origin for the 

photoshunt effect shown in Fig. 4b, although our measurements are not conclusive and 

do not allow discarding a bulk origin for the light-dependent leakage current. 
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Figure 4. a) Diode curve measured under dark conditions for the two devices under study. b) Variation 

of shunt resistance as a function of the light intensity. c) Scheme of current flow for dark current and 

photocurrent in the power generation quadrant.  
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Interestingly, in an inverted configuration (ITO/ZnO/P3HT:PCBM/MoO3/Ag) similar 

behaviour to that observed in the regular configuration where the contact selectivity may 

be modified by the processing conditions of the active layer. It is important to note that 

in the regular configuration EQE and C-V provide information on the same contact 

(Ca/Ag). Alternatively, in the inverted configuration EQE provide information on the 

anode (MoO3/Ag) and C-V on the cathode (ZnO/ITO). The same set of processing 

conditions have been tested for the inverted configuration but for simplicity we do not 

discuss here the details, full information is shown as Supporting Information. Again, in 

the inverted configuration the thermal treatment promotes the transport of fullerene 

molecules towards the active layer/air interface where the contact selective to holes will 

be deposited (MoO3/Ag). This high coverage of fullerene molecules of the anode 

contact is detected by the EQE measurements where the relative contribution of 

fullerene will be enlarged as compared to the devices prepared with only a solvent 

annealing treatment. This large fullerene coverage is in good agreement with the 

expected high leakage current at negative bias as the fullerenes have migrated to the 

selective collector to the opposite electrode. Overall, in the two systems under study the 

thermal treatment promotes the migration of fullerene molecules to the active layer/air 

interface. Whilst in the regular configuration this will improve the contact selectivity as 

fullerene are close to the selective layer to electrons, in the inverted configuration the 

effect will be the opposite. 

 

Conclusions 
In the present work, the high impact of vertical segregation of donor and acceptor 

molecules on the contact selectivity of devices to be used for low intensity applications 

is explored. It is observed that a thermal treatment of the organic layer induces the 

fullerene migration towards the active layer/air interface. The amount of fullerene 

molecules covering the surface will determine the contact selectivity and leakage current 

of the device once the back contact is deposited. Control of this leakage current may not 

be essential for devices fabricated for high illumination conditions applications. 

However, devices to be used under low illumination conditions may be highly 

influenced by the presence of this parasitic dark current which flows in the opposite 

direction to photogenerated current. The present work provides some tools to better 
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understand the difference in the limitations observed for devices to be used under low 

illumination conditions. By using a combination of optical and electrical techniques we 

are able to show that devices which contain high proportion of fullerene molecules at the 

cathode are highly selective and do not suffer from shunting. The extracted conclusions 

are not only applicable to organic photovoltaic devices but it can also be extrapolated to 

photodetectors where the leakage needs to be minimized (the dark current should be 

minimized in order to enhance the sensitivity/responsitivy of the detector). 
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Table 1: Parameters of the polymer:fullerene devices. 

 

 Illumination from ITO/PEDOT:PSS Illumination from Ag/Ca Capacitance Voltage J-V dark conditions 

 JSC 

[mAcm-2] 

VOC 

[mV] 

FF 

[%] 

 

[%] 

Rsh,  

[Ohmcm-2] 

JSC 

[mAcm-2] 

VOC 

[mV] 

FF 

[%] 

 

[%] 

Rsh, 

[Ohmcm-2] 

VFB, 

V 

Fullerene cathode 

coverage [%]  

Leakage current at -1V 

[mAcm-2] 

Solvent 7.49 614 59 2.71 1269 2.21 570 62 0.78 4404 0.43 68  0.57 

Solvent +Thermal 7.01 617 60 2.59 2036 1.80 574 62 0.64 6482 0.35 97 0.18 
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