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Abstract. Photovoltaic cells based on conductive polymers, such as poly(3-hexylthiophene-2.5-diyl) 
(P3HT) and [6,6]-phenyl C61 butyric acid methyl ester (PC61BM), and chlorophyll-a (Chl-a) were 
fabricated and characterized, in ambient atmosphere. The architecture of prepared samples has been 
completed by deposition of buffer layers facilitating the charge carriers’ collection to electrodes. To 
improve the holes collection, poly(3.4-ethylenedioxythiophene)-poly(stryrenesulfonate) (PEDOT:PSS) and 
Chl-a were used, and lithium fluoride (LiF) for the electrons’ collection, respectively. Both, the active 
layer and the holes selective layer (HSL) were customized as P3HT:PC61BM + Chl-a (1:1:1), and 
PEDOT:PSS + Chl-a (4:1) or the bi-layer structure Chl-a/PEDOT:PSS. Indium thin oxide (ITO) was 
preferred as anode, while aluminum as back electrode. The obtained devices were electrical and 
photo-electrical characterized, and their performances were discussed in terms of 
ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al conventional structures. We demonstrated that a 
customized PEDOT:PSS + Chl-a (4:1) HSL improved with more than 50% the external quantum 
efficiency of fabricated photovoltaic cells, compared with the results of conventional structures. 
Modest values of open circuit voltage and fill factor were calculated in the case of Chl-a/PEDOT:PSS 
HSL based photovoltaic cells, most likely due to a non-optimized interface between Chl-a and 
PEDOT:PSS which lead to the creation of a great number of defects acting as recombination centers.  
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1. INTRODUCTION 

Due to their unique electrical and optical properties, conductive polymers are more and more used in 
the architecture of electronic and optoelectronic devices, such as organic field effect transistors, organic light 
emitting diodes, and organic photovoltaic cells (OPV) [1-6]. In the field of OPV, a particular configuration 
denoted bulk-heterojunction (BHJ) and defined as a mixture between two organic semiconductors (one donor 
and one acceptor) had attracted special attention from scientific community. BHJs can be seen as a 3D 
interpenetrating network, build from donor and acceptor domains, providing a good interfacial contact 
between its constitutive, and facilitating the excitons diffusion and photo-generated charge carriers 
separation before their recombination [7,8]. Being the active layer in photovoltaic cells, particular interest 
was paid to the BHJ morphology, especially after was demonstrated the great influence onto the photovoltaic 
performances. In this moment, we may say without making a mistake that the blend between P3HT, as 
donor, and PC61BM, as acceptor, in 1:1 ratio, can be considered conventional structure. Thus, the link 
between morphology of the active layer and performances was investigated by modifying the ratio between 
P3HT and PC61BM [9], adding different nanoparticles [10], synthesizing new types of polymers [11, 12] or 
using various solvents [13–15].  

Deeply analyzing the standard configuration of a photovoltaic cell, fabricated as anode/holes selective 
layer/active layer/electrons selective layer (ESL)/cathode was observed that the photovoltaic performances 
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are strongly influenced by the quality of both HSL/active layer and active layer/ESL interfaces. One of the 
most used holes selective layer is PEDOT:PSS, or customized configurations based on PEDOT:PSS [16–19], 
while LiF is frequently preferred as ESL [20].  

The search of the appropriate active layer of OPV was conducted to the use of natural pigments [21–
23], and a special attention was given to chlorophyll (Chl), the most widespread photosynthetic light 
harvester on Earth [24–26]. The interest in the usage of chlorophyll, particularly Chl-a, is due to the presence 
of the photosynthetic reaction centers that have diode-like behavior [27], and thereby can be easy integrated 
in photovoltaic and photochemical devices [28, 29] and biomolecular electronics [27, 30, 31]. 

In this work, we prepared photovoltaic cells based on conductive polymers and Chl-a by customizing 
either HSL or the active layer. In terms of active layer, this study can be considered a sequel of [32] but 
taking into account a different ratio between constitutive, while the novelty is related with the fabrication of 
an improved HSL structure involving either a 4:1 ratio mixture between PEDOT:PSS and Chl-a or a layer-
by-layer deposition of Chl-a and PEDOT:PSS. The performance of the obtained photovoltaic cells were 
discussed in terms of ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al conventional structure (CS).  

2. EXPERIMENTAL PROCEDURES 

Exploiting the advantage that chlorophyll-a can be used as constitutive of both active layer and holes 
selective layer, photovoltaic cells with different architectures were fabricated by spin-coating, in ambient 
atmosphere. The electrical and photo-electrical behavior of ITO/PEDOT:PSS + Chl-a (4:1)/P3HT:PC61BM 
(1:1)/LiF/Al denoted here as S1, ITO/PEDOT:PSS/P3HT:PC61BM + Chl-a (1:1:1)/LiF/Al denoted here as 
S2, and ITO/Chl-a/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al denoted here as S3 were analyzed and 
discussed in terms of ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al conventional structures. For all prepared 
samples, optical glass substrates were used. In the case of holes selective layer of S1, four volumes of 
PEDOT:PSS based water solution and one volume of Chl-a based methanol solution were mixed, while for 
S3 the Chl-a thin layer was deposited from a 1,2-dichlorobenzene based solution. The active layer in both 
P3HT:PC61BM (1:1) and P3HT:PC61BM + Chl-a (1:1:1) configurations was obtained by physically mixing 
equal amounts of their components, and using 1,2-dichlorobenzene solvent. For all fabricated samples an 
active area of 0.4 cm2 had been taken into account. 

Working routine of samples’ fabrication as well as the involved characterization procedures were 
detailed in a previous paper [32]. 

3. RESULTS AND DISCUSSIONS 

Schematic representation of fabricated photovoltaic structures is shown in Figure 1 (Fig. 1a), together 
with the band offset diagram of component materials (Fig. 1b).   

The current-voltage (I-V) characteristics in dark of S1, S2, and S3 fabricated photovoltaic structures 
are shown in Fig. 2, compared to the results obtained for ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al CS.  

 

 
Fig. 1a – Schematic configurations of fabricated photovoltaic structures. 



3 On the electrical and photo-electrical behavior of the photovoltaic cells based on polymeric and chlorophyll-a thin films 53  

 

 
Fig. 1b – Band offset diagram of constitutive of fabricated photovoltaic cells. 

 
For all prepared devices, both forward and reverse biases were drawn in ambient atmosphere, 

considering positive voltage to ITO electrode. The series and shunt resistances were determined using the 
modified form of Shockley equation, depicted in Eq. (1):  
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where 0I  is the reverse saturation current, sR  is the series resistance, and shR  is the shunt resistance. Here, 

nkT
q

=β , for which q is the electronic charge, n  is the quality diode factor, K  is the Boltzmann constant, 

and T  is the absolute temperature in Kelvin.  
 

 
 

Fig. 2 – The I-V dark characteristics of: a) ITO/PEDOT:PSS + Chl-a (4:1)/P3HT:PC61BM (1:1)/LiF/Al; b) ITO/PEDOT:PSS/P3HT:PC61BM + 
Chl-a (1:1:1)/LiF/Al; c) ITO/Chl-a/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al fabricated photovoltaic cells (red curves). The obtained results 
                             were compared with those for ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al samples (blue curves).  
 

Table 1 

Series and shunt resistances of the fabricated samples 

Structure Rs (Ω) Rsh (Ω) 
S1 - ITO/PEDOT:PSS + Chl-a (4:1)/P3HT:PC61BM(1:1)/LiF/Al  250 200 × 103 

S2 - ITO/PEDOT:PSS/P3HT:PC61BM + Chl-a (1:1:1)/LiF/Al 400 11 × 106 
S3 - ITO/Chl-a/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al 10 × 103 5.1 × 106 

CS - ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al 7 × 103 2.5 × 106 
 
The calculated values of sR  and shR , together with the obtained qualitative results indicate a decrease 

of the energetic barrier at the anode/PEDOT:PSS + Chl-a (4:1) interface due to the contribution of Chl-a 
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acting as p-type semiconductor, taking into account a similar behavior at LiF/cathode interface. On the other 
hand, the presence of Chl-a as constitutive in the active layer leads to a partially decrease of the energetic 
barrier at anode/PEDOT:PSS interface, and to an opposite behavior at LiF/cathode interface. An architecture 
such as Chl-a/PEDOT:PSS that implies two distinct thin layers of same type semiconductor can be a solution 
to decrease the energetic barrier at anode/HSL interface and to facilitate the holes collection to electrode. For 
this, two conditions should be simultaneously met; the first one is an optimized interface between the two 
semiconductors and the second one is a very good match of the energetic levels of them. In the case of S3, 
we assume that the large values obtained for both series and shunt resistances are the result of a non-
optimized interface between Chl-a and PEDOT:PSS. We consider that a great number of defects is created at 
Chl-a/PEDOT:PSS interface, and thus the series and shunt resistances of the device are increased. A similar 
behavior was also observed by F. Otieno and co-workers [7], in the case of PEDOT:PSS mixed with gold 
nanoparticles, as holes selective layer. 

The obtained photo-electrical results are presented in Fig. 3, while the specific photovoltaic parameters are 
summarized in Table 2. The short-circuit current density ( scJ ), open circuit voltage ( ocV ), fill factor ( FF ), and 
external quantum efficiency ( EQE ) values were calculated for all fabricated samples and were discussed in the 
frame of conventional structures. The EQE  was considered as the average value in the 450 – 850 nm range. 
Standard AM 1.5G conditions were used for the fourth quadrant measurements, in ambient atmosphere.  

 

 
Fig. 3a – Normalized external quantum efficiency spectrum (EQE, left side) and the fourth quadrant (right side) of ITO/PEDOT:PSS 
+ Chl-a (4:1)/P3HT:PC61BM (1:1)/LiF/Al fabricated photovoltaic structures. For comparison purpose the normalized EQE spectrum 

of ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al samples is given.  
 

 
Fig. 3b – Normalized external quantum efficiency spectrum (EQE, left side) and the fourth quadrant (right side) of 
ITO/PEDOT:PSS/P3HT:PC61BM + Chl-a (1:1:1)/LiF/Al fabricated photovoltaic structures. For comparison purpose the normalized 
                                     EQE spectrum of ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al samples is given.  
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Fig. 3c – Normalized external quantum efficiency spectrum (EQE, left side) and the fourth quadrant (right side) of ITO/Chl-
a/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al fabricated photovoltaic structures. For comparison purpose the normalized EQE 
                                            spectrum of ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al samples is given.   

 
Table 2 

Calculated photovoltaic parameters of the fabricated structures 

Structure Jsc (μA/cm2) Voc (V) FF (%) EQE (%) 
S1 1.4 0.5 19 35 
S2 0.5 0.6 18 16 
S3 1.4 0.3 13 18 
CS 1.0 0.5 16 17 

 
The presence of the chlorophyll-a in the architecture of the active layer of S2 fabricated photovoltaic 

structures leads to an enlargement of the spectral response, in the 500 – 650 nm range, compared to S1 and 
S3 samples. Despite this behavior, no significant increase of specific photovoltaic parameters was noticed, 
compared to the results of the structures based on P3HT:PC61BM mixture, as active layer. We assume that 
the obtained poor values of scJ , ocV , FF , and EQE  are due to the fact that no chemical interaction took 
place between P3HT:PC61BM and Chl-a.  

Analyzing the photo-electrical behavior, for those fabricated structures that include a customized holes 
selective layer, scI  has slightly great values compared to S2 and CS, but the non-optimized interface between 
Chl-a and PEDOT:PSS leads to modest values of open circuit voltage and fill factor, in the case of S3. This 
behavior was already predicted by the electrical measurements (I-V characteristics in dark). An external quantum 
efficiency of 35% in the case of S1, almost double than the values for S2, S3, S4, and CS, was measured. 
Correlating the photo-electrical results with the electrical ones, we assume that an optimized holes selective layer 
such as PEDOT:PSS + Chl-a (4:1) can improve the charge carriers collection to anode. The 4:1 specific ratio 
between PEDOT:PSS and Chl-a was established taking into account electrical and photo-electrical results for 
different configurations of the holes selective layer, e.g. PEDOT:PSS + Chl-a (3:2), 2:3 and 1:4 (not shown here). 
Despite the fact that same P3HT:PC61BM (1:1) mixture was considered as active layer, for these configurations 
the photovoltaic performances were poor compared to conventional structures. We assume that such behavior can 
be attributed to the weak interactions taking place between PEDOT:PSS, which is a heavily doped p-type 
semiconductor [33,34], and Chl-a, which is a natural porphyrins, with p-type semiconductor features too, and thus 
an unhappy head-to-head diodes arrangement appeared.   

4. CONCLUSIONS 

Polymeric/chlorophyll-a thin films based photovoltaic cells were fabricated by spin-coating, in ambient 
atmosphere. Different configurations were taken into account, either by customizing the holes selective layer 
such as PEDOT:PSS + Chl-a (4:1) and Chl-a/PEDOT:PSS, or the active layer, as P3HT:PC61BM + Chl-a 
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(1:1:1). The electrical and photo-electrical properties of the fabricated samples were analyzed and compared 
to the results obtained for ITO/PEDOT:PSS/P3HT:PC61BM (1:1)/LiF/Al conventional structures.  

Building the holes selective layer as a mixture between PEDOT:PSS and Chl-a leads to a decrease of 
the energetic barrier, corresponding to a more efficient charge collection to anode, while a layer-by-layer 
deposition of Chl-a and PEDOT:PSS increases the energetic barrier at anode/holes selective layer interface. 

By using Chl-a as constitutive in the active layer, except of the enlargement of the spectral response in 
the 500 – 650 nm range, the calculated specific photovoltaic parameters had smaller values than those 
obtained for conventional structures, and we believe this can be attributed to a strongly non-homogeneous 
active layer.  

Even though the measured values of the specific parameters of the fabricated samples were modest, we 
demonstrated that using a customized PEDOT:PSS + Chl-a (4:1) holes selective layer, both the electrical and 
photo-electrical behaviors were improved, compared to conventional structures.  
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