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To model the active layer in the hetero-junction solar cells, the C60, C70, PC60BM, PCBDAN fullerenes as acceptor, and (OS)n=1) 
oligoselenophenes as donor were considered. The (OS)n=14/C60, (OS)n=14/C70, (OS)n=14/PC60BM and (OS)n=14/PCBDAN blends as a model of 
the active layer in the BHJ solar cell were chosen, and the optoelectronic properties were studied. The calculated efficiency of these 
complexes based on the Scharber diagram is 8%, 8.2%, 9.3% and 9.7%, respectively. These results indicate that the (OS)n=14/PCBDAN 
blend is a favorable candidate as solar cell than that of the other blends. In order to investigate the effect of the chain length of oligomers on 
the solar cell properties, the optoelectronic properties of (OS)n=12/C60 blend was also studied. The electronic and optical properties and the 
calculated efficiency values of (OS)n=12/C60 and (OS)n=14/C60 (7.7% and 8% respectively) show that the (OS)n=14/C60 complex is more 
suitable candidate than the (OS)n=12/C60 complex for modeling the active layer in the BHJ solar cells.  
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INTRODUCTION 
 
      Nowadays, because of fossil fuels declining and the 
environmental damage, clean and renewable solar energy as 
an inexhaustible resource has attracted increasing attention 
over the past decades due to nontoxic and nonpolluting 
operation [1]. The annual solar radiation coming to earth 
(including 5% UV, 43% visible and 52% IR) is several 
times the world's annual energy consumption [2]. In this 
context, organic photovoltaic (OPV) devices have attracted 
much attention in recent years [3,4,5,6,7]. There are many 
reasons for the interest in OPVs comparing with silicon-
based photovoltaics (PV). The OPVs offer low cost, 
solution-based processing, low thermal budget, and the 
capability to fabricate flexible layer-area devices [3,8]. 
Organic photovoltaics are devices that convert solar energy 
or light directly into electrical power by photovoltaic effect 
[9].   The  photovoltaic  effect  describes   the   fundamental  
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interaction of light with matter to produce electricity. Light 
with photon energy more significant than the band gap is 
absorbed by a semiconductor material [9,10]. Organic solar 
cells mainly consist of two organic materials, one of which 
is an electron donor (D) materials, and other is an electron 
acceptor (A) material [11]. An organic photovoltaic cell is 
composed of a film of the organic photovoltaic active layer, 
sandwiched between a transparent electrode and a metal 
electrode. Chemically, such devices usually consist of 
conjugated polymers (as electron donor) and fullerene 
derivatives (as an electron acceptor) [12-14].  

Among organic semiconducting materials implemented 
into organic photovoltaics, the bulk heterojunction (BHJ) 
approach formed by blending donor type conjugated 
polymers with acceptors like fullerenes, has been the         
most attractive and successful one. Solution-processed      
bulk-heterojunction [15,16] photovoltaic cells were first         
reported in 1995 [17,18]. Bulk heterojunction polymer solar        
cells based on conjugated polymer donors (p-type) and 
functionalized   fullerene   acceptors   (n-type)  is  a new and  
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expanding research field [19,20]. Therefore, this approach 
improves the power conversion efficiency of the OPV 
devices up to the 6-7% power conversion of efficient (PEC) 
plastic solar cell [21-23]. Various materials have been 
designed and synthesized to achieve high solar cell 
performance [14,17,24-27].  

Several factors influence the performance of the solar 
cell. To increasing the solar cell performance, broad 
absorption bands, and appropriate molecular energy levels 
of the polymer are first required, therefore, finding the 
efficient way to lower the band gap of conjugated polymer 
is crucial the molecular design of the polymer. For the 
electron donor materials, one of the most important 
properties is a strong absorption covering a broad spectral 
region, whereas the band gap is less than 2 eV [3,5,28-30]. 
Low band gap (LBG) polymers show a promising to 
increase the power conversion efficiency (PEC) of BHJ 
[19]. One of the strategies to design low band gap (LBG) 
polymers is building a conjugated structure with alternative 
electron donor and electron acceptor units (D/A structure) 
that is an effective approach to get LBG polymer [31-36].  

Thiophene-based conjugated polymers are 
conventionally applied in the optoelectronic devices due to 
the promising properties [37,38]. The outstanding properties 
of thiophene-based materials suggest that heterocyclic 
analogues, such as furan [39], polyselenophene [40] and 
tellurophene-based materials [41,42] should become an 
important member of the conduction polymer family and 
hope that these materials would suggestion interesting new 
electro-optical properties.  

Selenium with atomic number 34 is similar to sulfur in 
many properties of thiophene and selenophene rings. 
Selenophenes are thought to compensate for some of the 
disadvantages of thiophene containing compounds. The 
possible advantages of ployselenophenes are anticipated to 
result from the unique properties of the Se atom namely the 
size of the selenium atom is bigger than that of sulfur and 
the electronegativity of selenium is weaker than that of 
sulfur [37,38]. In general, selenophene containing 
compounds have the advantages of lower oxidation and 
reduction potentials, strong light absorptivity, ease of 
polarizability, and improved inter-chain charge transfer, 
while maintaining structural similarities to thiophenes. 
Hence,  it  motivated  us  to  investigate  the  opto-electronic  

 
 

properties of ployselenophenes as donor materials in BHJ 
solar cell [43,44]. 
 
COMPUTATIONAL DETAILS 
 

Quantum-chemical calculations by density functional 
theory (DFT) using the Gaussian 09 programs [45] were 
performed to investigate the electronic structure of these 
(OS)n/fullerene blends by employing the B3LYP hybrid 
density functional. The basis sets used for the calculations 
are the split valence 6-311G(d) basis set. The B3LYP/6-
311G(d) and CAM-B3LYP/6-311G(d) level of theories 
were applied to ensure the accuracy of the results. Obtained 
data indicated that the long-range corrected CAM-B3LYP 
functional was not adequate to predict the electronic 
properties in accordance with the experimental data [46]. 
Consequently, the B3LYP/6-311G(d) was utilized as a 
calculation method since computation at this level of theory 
has been shown to give accurate results, from the geometry 
and electronic evaluation points of view. Time-dependent 
TD-DFT (TD-DFT) [47,48] calculations were performed to 
assess the excited-state vertical transition energies and 
oscillator strengths based on the optimized molecular 
geometries at the same level of theory. To investigate the 
optoelectronic properties, the first 30 singlet-singlet excited 
states were calculated based on the optimized geometry at 
the same level of theory.  

 
RESULTS AND DISCUSSION 
 
Ground-State Properties 

The optimized geometry of all studied complexes                
was shown in Figs. 1 and 2. On the basis of the                 
optimized ground-state geometries of (OS)n=14/PCBDAN, 
(OS)n=14/PC60BM, (OS)n=12/C60 ,(OS)n=14/C70 and 
(OS)n=14/C60 complex, the deformation energy (Edef), 
interaction energy (Eint), adsorption  energy (Eadd) were 
calculated and are presented in Table 1. Before investigating 
the electronic properties of formed complexes, we first need 
to validate their stability and ease of experimental synthesis. 
In order to further understand the stability of the formed 
BHJ blends, the adsorption energy, interaction energy as 
well as deformation energies were calculated using the 
following equations: 
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Fig. 1. Optimized geometries of (OS)n=14/PCBDAN, (OS)n=14/PC60BM, (OS)n=12/C60, (OS)n=14/C70, (OS)n=14/C60 blends. 
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A negative value of interaction energy indicates the 
stability of the studied system. In comparison, the binding 
energy values of (OS) 

C60 and (OS)n=14/C60 show that the structure with longer 
oligomer is more stable, which means the (OS)n=14/C60 blend 
is more stable than the others. According to the values 
summarized in Table 1, the interaction energy contribution 
in the complex formation process are obtained large and 
negative values, that proves the deformation in the direction 
sustainability is taking place. Among all  cases, (OS)n=14/C60   

 

 
Fig. 2. Optimized geometries of (OS)n=14/PCBDAN, (OS)n=14/PC60BM, (OS)n=12/C60, (OS)n=14/C70, (OS)n=14/C60 blends. 
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and (OS)n=14/PC60BM blends have the largest deformation 
energy and interaction energy. Furthermore, due to the 
calculated Eads values, the complex formation of all 
complexes is favorable and is in the (OS)n=14/C60 >, 

(OS)n=14/PC60BM > (OS)n=14/C70 > (OS)n=14/PCBDAN > 
(OS)n=12/C60 trend.  
 
Frontier Molecular Orbital 
      In  organic  solar  cells, frontier molecular orbital energy 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
levels have a close relation with open-circuit voltages (Voc) 
and energy driving force (ΔE1) for exciton dissociation. 
Namely, the Voc is determined by the difference between the 
HOMO of the donor and the LUMO of the acceptor, 
according to the empirical equation summarized by 
Scharber [49], which can be expressed as below:  

 
      3.0)()1(  Acceptor

LUMO
Donor
HOMOoc EE

e
V                                    (6) 

                          Table 1. Deformation  Energy (Edef), Interaction Energy (Eint), Adsorption Energy 
                                              (Eads) of (OS)n/Fullerene with the B3LYP/6-311G(d) Method 
  

 

Edef 

 (kJ mol-1) 

Eint  

(kJ mol-1) 

Eads 

 (kJ mol-1) 

(OS)n=12/C60 -28.701 -0.798 -29.499 

(OS)n=14/C60 -33.020 -1.974 -34.994 

(OS)n=14/C70 -31.766 -1.040 -32.806 

(OS)n=14/PC60BM -30.894 -3.393 -34.287 

(OS)n=14/PCBDAN -29.032 -1.782 -30.814 
 
 
 

 
Fig. 3. Frontier molecular orbital energy levels of (OS)n=10-15 and C60, C70, PC60BM, PCBDAN. Voc is open-circuit voltages  
            ΔE1 is energy driving force ΔE1 for exciton dissociation. 
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here, e is the elementary charge, and the value of 0.3 is an 
empirical factor. The energy difference ΔE1 between the 
LUMOs of the donor and the acceptor should be larger than 
0.3 eV, which guarantees efficient exciton split and charge 
dissociation at the donor/acceptor (D/A) interface. To 
explore these relationships, the frontier molecular orbital 
(FMO) energies of all studied acceptors concerning the 
electron donors (OS)n=10-15 were depicted in Fig. 3. The 
values  of  ΔE1 and  Voc parameters  are  reported in Table 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results show that the most favorable value of ΔE1 is 
related to the (OS)n=14/PCBDAN blend, because of the 
LUMO orbitals energy levels are located nearly to each 
other; hence, this complex has the lowest ΔE1 and highest 
Voc compared to all other complexes. As we know, with 
increasing the Voc, the power conversion efficiency            
(PCE) of the blend is also increased; therefore the 
(OS)n=14/PCBDAN blend has higher PCE than other 
investigated blends.  

                                         Table 2. ΔELL & VOC of  (OS)n/Fullerene Calculated at B3LYP/6-311G(d) 
                                                        Level of Theory 

 

 

ΔE1 (LUMO(D) - LUMO(A)) 

(eV) 

VOC  

(V) 

(OS)n=12/C60 0.854 1.055 

(OS)n=14/C60 0.825 1.029 

(OS)n=14/C70 0.820 1.034 

(OS)n=14/PC60BM 0.704 1.150 

(OS)n=14/PCBDAM 0.658 1.196 
 
 

 
Fig. 4. Simulated absorption spectra of (OS)n=14/PCBDAN, (OS)n=14/PC60BM, (OS)n=12/C60, (OS)n=14/C70, (OS)n=14/C60 blends. 
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Absorption Spectra 

To gain insight into the properties of excited states, the 
40 lowest vertical singlet-singlet electronic transition 
energies and optical absorption spectra of all (OS)n/fullerene 
blends were investigated. Based on the relaxed geometry of 
entitled blends, the TD-DFT calculations were done at the 
B3LYP/6-311G(d) level of theory. Figure 4 shows the 
simulated absorption spectra along with the absorption 
wavelength. The absorption spectra of all blends show only 
an extreme peak. The main transitions of all blends occurred 
in the visible range. The difference in chain length 
oligomers in the (OS)n=14/C60 and  (OS)n=12/C60 blends has 
led to the hyperchromic effect. This effect defined as an 
increase in absorptivity at a particular wavelength of light 
by a solution  or  substance  due  to  structural  changes  in a  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

donor molecule. Comparing the absorption spectrum of 
blends with its absorption spectrum components, show that 
the intensity and width of each absorption spectrum are 
changed with (OS)n > (OS)n/fullerene > fullerene trends. 
The Calculated HOMO, LUMO energies, electronic and 
optical energy gap, and exciton binding energy of (OS)n 
/fullerene complexes are summarized in Table 3.  

To estimate the power conversion efficiency (PEC) of 
the designed blends, we used the Scharber diagrams to 
predict PCEs (%) of the solar cell combining (OS)n=14 donor  
and C60, C70, PCBM, and PCBDAN. By using the design 
rules proposed by Scharber et al. [29,49] which assumes a 
fill factor (FF) of 0.75 (we cannot predict the fill factor of 
0.75 from the first principles, and in real organic solar        
cells, the assumed FF is so large that  it is usually difficult to  

             Table 3. Calculated HOMO, LUMO Energies, Electronic & Optical Energy Gap and Exciton Binding 
                            Energy of (OS)n/Fullerene with the B3LYP/6-311G(d) Method 
 

 

HOMO            

(eV) 

LUMO     

(eV) 

Eg,ele  

(eV) 

Eg,optic  

(eV) 

Eex  

(eV) 

(OS)n=14/C60 -5.042 -3.516 1.526 1.264 0.262 

(OS)n=12/C60 -5.069 -3.542 1.527 1.268 0.259 

(OS)n=14/C70 -5.058 -3.514 1.544 1.288 0.256 

(OS)n=14/PC60BM -5.079 -3.396 1.683 1.419 0.264 

(OS)n=14/PCBDAN -5.081 -3.361 1.720 1.459 0.261 
 
 
                                            Table 4. Calculated  PCE Values of  (OS)n/Fullerene with  the 
                                                           B3LYP/6-311G(d) Method 
 

Power conversion efficiency (PCE)  

7.7% C60/(OS)n=12 

8.0% C60/(OS)n=14 

8.2% C70/(OS)n=14 

9.3% PC60BM/(OS)n=14 

9.7% PCBDAN/(OS)n=14 
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achieve), one can predict the overall PCEs from the band 
gaps and the LUMO energy levels of the donors. The 
predicted PCEs of formed blends using the calculated 
results of Eg, and LUMO energy levels and Sharber diagram 
are shown in Table 4. As shown, the (OS)n=14/PCBDAN 
blend has the highest PCE ( with 9.7% value) than the other 
blends. According to the calculated PCE values, the 
following trends is seen: C60/(OS)n=12 < (OS)n=14/C60 < 
(OS)n=14/C70 < (OS)n=14/PC60BM < (OS)n=14/PCBDAN.  

 
CONCLUSIONS 
 

The details of structural, electronic, and optical 
properties of a series of oligoselenophene/fullerene 
((OS)n/fullerene) blends have been investigated using DFT 
and TD-DFT methods. The B3LYP/6-311G(d) level of 
theory was used to consider the electronic and optical 
features. The HOMO-LUMO energy levels, electronic band 
gap (Eg,ele), optical band gap (Eopt), UV-Vis absorption 
spectrum, and maximum wavelength (λmax) of entitled 
compounds are considered. Due to the calculated Eads 
values, the complex formation of all studied blends is 
favorable and is in the (OS)n=14/C60 >, (OS)n=14/PC60BM > 
(OS)n=14/C70 > (OS)n=14/PCBDAN > (OS)n=12/C60 trend. 
Furthermore, results show that the width of the absorption 
spectrum of all investigated blends are in the range of 400-
700 nm and the maximum wavelength in the range of 
516.65˗536.03 nm. The highest open-circuit voltage (VOC) 
is related to the (OS)n=14/PCBDAN blend, which indicates 
that the (OS)n=14/PCBDAN blend has highest PCE ( with  
9.7% value) than the other blends.  
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