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Abstract 

We focus on the contact between the anode and the electron donor (ED) in organic photovoltaic cells with planar 
heterojunction configuration. While the fullerene was the electron acceptor (EA), the terthiophene-pyran-malonitrile 
(T3PM) has been used as electron donor (ED). The HOMO and LUMO of T3PM have been estimated by electrochemical 
characterization to be –3.5 eV and –5.5 eV, which shows that it can be used as electron donor in a heterojunction with 
fullerene. The ITO contact plays a critical role in determining device efficiency, and the introduction of a thin anode 
buffer layer (ABL) between the ITO and the ED induces a significant improvement of the device efficiency. Different 
ABL have been used, the well-known Au and MoO3 and a more original, CuI, alone or coupled with MoO3. The 
thicknesses were 0.5 nm, 3.5 nm and 3 nm for Au, MoO3 and CuI respectively. It is shown that the ABL improve the 
cells performances. The best results are achieved with the couple MoO3/CuI through an increase of the open circuit 
voltage (Voc). Such improvement has been attributed to an increase of the shunt resistance. The influence of the ABLs 
can be explained partly by the fact that it raises the anode work function. Nevertheless, a study of the structures 
T3PM/ABL/ITO shows that the T3PM films grown on CuI are the most homogeneous which can explain the rise of the 
shunt resistance and therefore of Voc. 
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1. Introduction 

Organic photovoltaic cells (OPV) attract great interest for solar energy conversion. They are based on bulk 
heterojunctions (BHJ) [1] or multilayer heterojunctions [2]. OPV are based on electron donor/electron 
acceptor (ED/EA) heterojunctions. In these devices, transparent conductive oxide, (TCO), coated substrates 
are usually used as transparent anode, while the cathode is an aluminium evaporated film. Indium tin oxide 
(ITO) is widely used as TCO in optoelectronic devices. Whatever the OPV family, it is necessary to use 
buffer layers at the interface organic materials/electrodes. For instance, several attempts to improve the 
interface anode/electron donor have been done. Indeed, the relatively low work function of ITO often induces 
large barrier to hole collection. Therefore many efforts have been done to engineer the interface between the 
electrode and the organic layer. In different works it has been shown that the introduction of an anode buffer 
layer (ABL) between the anode and the ED allows achieving a good band matching at the interface and 
therefore a significant decrease of the barrier [3-9]. We have shown that simple vacuum deposition of an 
ultra-thin film of gold [6] or a thin film of MoOx [8] allows achieving this goal, when CuPc is used the ED. 
However, up to now, few reports have been dedicated to double ABL. If one can increases the extraction 
efficiency of holes from the active layer through the barrier decrease, the surface energy is also very 
important. Indeed, the surface energy of the hole extraction ABL on the ITO anode is important because it 
can control the molecule ordering of the organic material, which is crucial for charge transport and film 
homogeneity.  

We have shown that, when ED with different Highest Occupied Molecular Orbital (HOMO) is used, the 
ABL efficiency depends on the nature of the ABL. When gold is the ABL, it is efficient only if the HOMO 
value of the ED is around of the same order of magnitude than the gold work function (around 5 eV).  When 
MoO3 is the ABL there is systematically a significant improvement of the OPV performance, whatever the 
HOMO value is (5 to 5.8 eV) [10]. However, when the terthiophene-pyran-malonitrile (T3PM), which 
HOMO is 5.5 eV, is used, the open circuit voltage Voc is smaller than expected, since it is smaller than that 
obtained with CuPc, which HOMO is 5.2 eV. Effectively, it is known that Voc depends directly of the 
HOMO value of the ED, since Voc depends of the difference between the HOMO of ED and the LUMO of 
EA (Lowest Unoccupied Molecular Orbital). In the present manuscript we show that the inserting a double 
MoO3/CuI ABL between the anode and the organic electron donor allows increasing Voc through an 
improvement of the T3PM homogeneity and a good band matching.  

2. Experimental 

3,4-dihexyl thiophene [11], 3',4'-dihexyl-2,2':5',2''-terthiophene [12], 3',4'-dihexyl-[2,2':5',2''-
terthiophene]-5-carbaldehyde and 2-(2,6-dimethyl-4H-pyran-4-ylidene)malononitrile [13] were synthesized 
according to the literature procedure. 1H NMR and 13C NMR spectra were recorded using Bruker 400 MHz. 
Chemical shifts were given in parts per million and coupling constants (J) in Hertz.  

The photophysical properties of these D-A-D molecules were characterized by a Perkin Elmer UV–visible 
Spectrometer. Fluorescence emission spectra were obtained using Perkin-Elmer Fluorimeter (LS 50B). 
Spectroscopic measurements were performed in standard quartz cells (1 cm X 1 cm). All the measurements 
were carried out at room temperature. 

Electrochemistry measurements were performed using a CHI 400a electrochemistry station with a 
Platinum disc as working elctrode, Ag/AgNO3 as reference electrode and platinum wire as counter electrode 
at a scan rate of 50mV/s. Measurements were performed with samples at 1mM concentration in 
dichloromethane (HPLC grade) for the oxidation potentials with 0.1M tetra-n-butylammonium 
hexafluorphosphate (TBAHFP) used as the supporting electrolyte. Ferrocene (concentration 1mM) was used 
as the standard, with scans run at the same rate and in the same solvent used for T3PM. The redox potential 
of Fc/Fc+, is located at 0.01 V in 0.1 M TBAHFP/methylene dichloride solution, which has an absolute 
energy level of -4.8 eV relative to the vacuum level for calibration. 
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Synthesis of 2-(2,6-bis((E)-2-(3',4'-dihexyl-[2,2':5',2''-terthiophen]-5-yl)vinyl)-4H-pyran-4-ylidene) 
malononitrile (T3PM):  To a 25 ml round bottom flask added 2-(2,6-dimethyl-4H-pyran-4-
ylidene)malononitrile (1eq) and 3',4'-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (2 eq) under argon. 
Piperidine (1 ml) was added to this mixture and refluxed the solution for about 24 hours. Reaction mixture 
was cooled to room temperature and filtered through Buckner flask. Precipitate was washed with acetonitrile 
and dried under vacuum. 

Yield: 75.6%; 1H NMR (400 MHz, CDCl3): δ 7.59 (d, J = 15.6Hz, 2H), 7.36 (d, J = 4.8Hz, 2H), 7.29 (d, J 
= 3.6Hz, 2H), 7.17 (d, J = 2.8Hz, 2H), 7.15 (d, J = 3.6Hz, 2H), 7.09 (t, J = 4.8Hz, 2H), 6.64 (s, 2H), 6.52 (d, J 
= 15.6Hz, 2H), 2.79 (t, J = 7.6Hz, 4H), 2.72 (t, J = 8.0Hz, 4H), 1.60-1.32 (m, 32H), 0.95 ( m, 12H)   

13C NMR (100 MHz, CDCl3): 157.9, 141.5, 140.6, 140.3, 139.2, 135.7, 131.5, 130.3, 129.2, 127.5, 126.5, 
126.2, 125.8, 116.7, 115.3, 106.8, 31.5, 30.7, 30.5, 29.6, 28.4, 28.1, 22.6, 14.1, 14.0 

If, OPV are based on electron donor/electron acceptor (ED/EA) heterojunctions, it is known that, in 
multilayer heterojunctions, a buffer layer, between the acceptor and the cathode strongly increases the cell 
performances. This interlayer introduced at the acceptor/cathode interface is called “exciton blocking layer” 
(EBL). The organic donor/acceptor couple that has been used is terthiophene-pyran-malonitrile 
(T3PM)/fullerene (C60) while the EBL is the bathocuproine (EBL) [14]. The electrodes are indium tin oxide 
(ITO anode) and aluminium (cathode).  

As discussed above, the present work is dedicated to the optimisation of the ABL, when T3PM is the ED. 
Therefore MoO3, CuI and the double ABL CuI/MoO3 have been probed. A typical OPV cell structure can be 
described as glass/ITO (100 nm)/ABL /T3PM (x nm)/C60(40 nm)/BCP /Al(100 nm), with ABL = MoO3, CuI, 
CuI/MoO3 or no ABL. After chemical cleaning, ITO coated glass substrates were introduced into the vacuum 
deposition apparatus. The T3PM and C60, the ABL and BCP, and the Al layers were thermally deposited in a 
vacuum of 10-4 Pa. Also a protective coating layer, an amorphous selenium layer, was vacuum evaporated 
[16]. The deposition rate and film thickness were measured in situ with a quartz monitor. 

The electrode was deposited through a mask with 2x10 mm2 active area.  
Electrical characterizations were performed with an automated I-V tester, in the dark and under sun global 

AM 1.5 simulated solar illumination. Performances of photovoltaic cells were measured using a calibrated 
solar simulator (Oriel 300W) at 100 mW/cm2 light intensity adjusted with a PV reference cell (0.5 cm2 CIGS 
solar cell, calibrated at NREL, USA).  Measurements were performed in ambient atmosphere. All devices 
were illuminated through TCO electrodes.  

The morphology and structure cross section were observed through scanning electron microscopy (SEM) 
with a JEOL 7600F. X-ray photoelectron spectroscopy (XPS) measurements (Leybold LHS12, University of 
Nantes-CNRS) were performed to investigate the coverage efficiency of T3PM thin films deposited onto the 
anode, the ABL being used as parameter. XPS analyses were performed with a magnesium X-ray source 
(1253.6 eV) operating at 10 kV and 10 mA. During the measurements the vacuum was 10-7 Pa, the pass 
energy for high-resolution spectra was 50 eV.  The samples were grounded with silver paste to prevent 
charge effect.   

3. Results and discussion 

3.1. Synthesis 

2-(2,6-dimethyl-4H-pyran-4-ylidene)malononitrile undergoes Knoevenagel condensation with 3',4'-
dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde to yield the 2-(2,6-bis((E)-2-(3',4'-dihexyl-[2,2':5',2''-
terthiophen]-5-yl)vinyl)-4H-pyran-4-ylidene)malononitrile (T3PM) [15] as shown in Scheme 1. T3PM was 
characterized by 1H NMR and 13C NMR. 
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Scheme 1. Synthesis of molecule 2-(2,6-bis((E)-2-(3',4'-dihexyl-[2,2':5',2''-terthiophen]-5-yl)vinyl)-4H-pyran-4-ylidene)malononitrile 
(T3PM) . 

3.2. Photophysical Properties 

Figure 1 depicts the UV-visible and fluorescence spectra of T3PM in chloroform. In the absorption 
spectra, the intense peak at 493 nm corresponds to intramolecular charge transfer (ICT) band of the T3PM 
and at 400 nm corresponds to the π-π* transition. T3PM emits in red colour region at 646 nm.  

 

Fig. 1. UV-visible and fluorescence spectra of the T3PM in chloroform. 

3.3. Electrochemical Properties 

Figure 2 shows the cyclic voltammogram of T3PM. The oxidations were found to be chemically 
reversible. The E1/2 for the oxidation potential was found to be 0.7V relative to the ferrocene standard. So, the 
HOMO value of T3PM is 5.5 eV. The band gap was calculated from the onset of the absorbance spectra of 
T3PM, and it is found to be 2.0 eV. 
 
 
 
 
 

 
 
 
 

 

Fig. 2. Cyclic Voltammogram of T3PM in dichlormethane at the scan rate of 50 mV/Sec. 
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3.4. OPV Device Characteristics 

We have optimized the T3PM thickness using the MoO3 as ABL. The results are summarized in Table 1.  
 

Table 1: Photovoltaic characteristics, under light AM1.5 (100 mWcm-2), for ITO/MoO3/T3PM/C60/BCP/Al cells using different T3PM 
thicknesses. 

 
Thickness (nm) Voc (V) J (mA/cm2) FF (%) η (%) 

62 0.43 0.46 29.5 0.058 
48 0.37 0.56 29.5 0.061 
42 0.28 0.93 32.8 0.092 
30 0.30 3.25 31.0 0.30 
20 0.30 4.34 33.5 0.44 

17.5 0.26 1.85 30 0.15 
 

It can be seen from Table 1 that the OPV efficiency depends strongly on the ED thickness. It is multiplied 
by nearly five, when the thickness decreases from 42 nm to 20 nm. For smaller thickness, the efficiency 
began to decrease.  It should be noted that without MoO3 ABL the photovoltaic performance of the structures 
are very bad whatever the T3PM film thickness is. We have already shown that MoO3 is very efficient as 
ABL to reduce the barrier height at the interface anode/ED. Indeed after soap-water cleaning, the work 
function of ITO is around 4.7 eV, while the HOMO value of T3PM is 5.7, which means that a very high 
barrier is present at the contact between ITO and T3PM. MoO3 has been proved to be very efficient ABL in 
reducing the height of such barrier, which justify the far highest performance of the OPV with MoO3 ABL 
[8]. However, the open circuit voltage Voc is far smaller than expected, which limits the OPV efficiency. 
Therefore we have probed an original double ABL: MoO3/CuI, since it is known that MoO3 improves the 
band matching at the interface anode/ED, while it has been recently shown that CuI allows improving the 
stacking of the organic molecules [17].  Here also, the best results have been achieved with a T3PM thickness 
of 20 nm, as it can be seen in Table 2. From Figure 3 and Tables 1 and 2, it can be said that there is a 
significant improvement of the OPV performance through a large increase of Voc. 
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Fig. 3. J-V characteristics in the dark ( _____ ) and under AM 1.5 illumination (-----) of ITO/MoO3/CuI/T3PM/C60/BCP/Al OPV. 
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Table 2. Photovoltaic characteristics, under light AM1.5, for ITO/MoO3/CuI/T3PM/C60/BCP/Al cells using different T3PM thicknesses. 
 

Thickness (nm) Voc (V) J (mA/cm2) FF (%) η (%) 
17  0.37 2.21 37 0.30 
20 0.40 4.27 37.5 0.65 
23   0.47 0.67 32 0.10 

 
The T3PM absorber layer is very thin and the small Voc values can arise from organic film 

inhomogeneities, which short-circuit the PV cell and decrease its shunt resistance. The morphology of the 
organic absorbing layer has been studied using a scanning electron microscope equipped with a PGT X-ray 
microanalysis system; X-rays were detected by a germanium crystal. The visualisation of the T3PM films 
thick of 20 nm deposited onto glass substrates coated with ITO/ MoO3 or with ITO/MoO3/CuI is presented in 
Figure 4a and Figure 4b, respectively. 

 

  
 

Fig. 4. SEM visualisation of the surface of (a) glass/ITO/MoO3/T3PM and (b) glass/ITO/MoO3/CuI/T3PM 

The T3PM film deposited onto glass/ITO/MoO3 seems less homogeneous than that deposited onto 
glass/ITO/MOO3/CuI. A high density of more or less round features of grey colour to black are clearly 
visible in the case of MoO3 ABL, while only small differences of tone are visible with the MoO3/CuI ABL.  

In order to investigate the origin of these different features we have proceeded to microprobe mapping of 
the visualized surfaces. The results, coupled with image of back-scattered electrons are reported in Figures 5 
and 6.  Figure 5b presents the map of the distribution of Mo in the film visualized in Figure 5a. It is clear that 
the bright spots in Figure 5b, which are due to high Mo concentration, correspond to the black spots of Figure 
5a. Therefore a high density of spot without polymer or at least with very thin polymer films are clearly 
visible in the films deposited onto ITO films coated with MoO3. In the case of the double ABL MoO3/CuI, no 
such features are visible (Figure 6), and no bright spots in the metal maps, corresponding to the scare black 
points visible in the backscattered image, are visible.  
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Fig. 5. (a) Visualisation, in the backscattering mode, of the surface of a glass/ITO/MoO3/T3PM structure, and (b) of the corresponding 
Mo cartography. 

 

   
 

Fig. 6. Visualisation, in the backscattering mode, of the surface of a glass/ITO/MoO3/CuI/T3PM structure (a) and of the corresponding 
Cu (b) and Mo (c) cartography. 

We have also proceeded to an XPS study. The surface composition of the films shows that the ABL layers 
are detected whatever the ABL is. However, while only 0.5at.% of Cu, I and Mo and 0 at.% of In are 
detected in the case of the double MoO3/CuI ABL layer, 3% of Mo and 0.5at. % of In are visible in the case 
of  MoO3 ABL. These XPS results comfort the SEM study, the T3PM films deposited onto double MoO3/CuI 
ABL films are more homogeneous than those deposited onto simple MoO3 ABL. Such highest homogeneity 
induces higher shunt resistance of the OPV and therefore higher Voc value. Therefore the morphology of the 
active organic layer and their interface are important factors.   

Therefore the morphology of the active layer and its interface with the anode are important factors.  The 
SEM study shows that the organic layer morphology is strongly influenced by the underlying layer. A T3PM 
film deposited onto MoO3 ABL shows a high density of circular inhomogeneities and pinholes. In contrast, 
deposition of T3PM onto MoO3/CuI resulted in homogeneous films. The formation of the defect during 
T3PM deposition onto MoO3 can give a reasonable explanation for the lower Voc of the 
ITO/MoO3/T3PM/C60/BCP/Al OPV cells.  

4. Conclusions 

Thus we can conclude that there are two factors that affect the contact ITO/ED after inserting the double 
ABL: MoO3/CuI. One is the good band matching between the anode and the organic layer induced by the 
MoO3 film and the other is the improvement of the homogeneity of the organic film through the CuI thin 
buffer layer. The work function of the ITO anode is adjusted to the HOMO level of T3PM thanks to the 
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MoO3 layer. Thus hole extraction barrier is lowered down and the contact resistance is reduced, which 
increases the hole collection. The shunt resistance of the OPV cells is improved through the high 
homogeneity of the  organic films deposited onto CuI. Therefore, the interfacial layer located between the 
active layer and the anode in OPV cells is important in terms of hole extraction as well as control of 
morphology of the photoactive layer. 
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