
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



ITO 

PEDOT : PSS 

donor:acceptor 

Al  

glass 

Page 1 of 34 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 1

New solution processed bulk-heterojunction 

organic solar cells based on a triazine-bridged 

porphyrin dyad as electron donor  

 

 

 

Ganesh D. Sharma
1
*,Galateia E. Zervaki

2
, Panagiotis Angaridis

3
, and Athanassios G. 

Coutsolelos
3
* 

 
 

1R&D Centre for Engineering and Science, JEC Group of Colleges, Jaipur Engineering 

College Campus, Kukas, Jaipur, Raj 303101, India 

2Department of Chemistry, University of Crete, Laboratory of Bioinorganic Chemistry, 

Voutes Campus, P.O. Box 2208, 71003 Heraklion, Crete, Greece 

3Department of Chemistry, Aristotle University of Thessaloniki, Thessaloniki, 54124, Greece 

 

Keywords: BHJ solar cells, PC71BM, porphyrin dyad, triazine, piperidine 

 

*Corresponding Authors 

E-mail: coutsole@chemistry.uoc.gr (A.G.C.); gdsharma273@gmail.com (G.D.S.). 

Page 2 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 2

Abstract 

An unsymmetrical porphyrin dyad (ZnP)-[triazine-Npip]-(ZnPCOOH) or P-tNp-P´ consisted 

of two zinc-metallated porphyrin units covalently linked through their peripheral aryl-amino 

groups to a central triazine group, to which an N-piperidine group is also attached, has been 

used in combination with PC71BM ([6,6]-phenyl C71 butyric acid methyl ester) as electron 

donor and acceptor, respectively, for the active layer of solution-processed bulk hetero-

junction (BHJ) organic solar cells. The photophysical properties of P-tNp-P´ and PC71BM 

blend films, as well as cyclic voltammetry measurements of the porphyrin dyad, suggest that 

P-tNp-P´ can effectively harvest photons and transfer electrons to PC71BM. The BHJ organic 

solar cell based on the P-tNp-P´:PC71BM active layer blend in 1:1 weight ratio processed 

from THF resulted in a power conversion efficiency (PCE) of 2.91%. A significant 

improvement of the overall photovoltaic efficiency was achieved up to 4.16% when the 

active layer blend was processed from a 3% v/v mixture of pyridine in THF. This was 

ascribed to an enhancement of the short circuit current Jsc of the solar cell, which is related to 

the different surface morphology of the P-tNp-P´:PC71BM active layer blend upon addition of 

pyridine. The pyridine-modified active layer exhibits a higher degree of crystallinity, as 

confirmed by the X-ray diffraction pattern and AFM images of the corresponding film, which 

results in an increase of exciton dissociation efficiency and more balanced charge transport. 
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Introduction  

Organic solar cells are light-weight and large-area devices which are based on inexpensive, 

flexible, semi-conducting organic materials. Owing to their attractive properties, compared to 

the conventional inorganic solar cells, they appear to be a very interesting and promising 

technology considered part of next generation photovoltaic devices.1-5 To date, the most 

efficient type of organic solar cell devices is solution-processed bulk hetero-junction (BHJ) 

organic solar cells. They consist of an active layer blend of a photoactive, conjugated 

polymer material acting as electron-donor, and a functionalized fullerene molecule acting as 

electron-acceptor,1, 6-8 sandwiched between two electrodes. The photoactive polymer absorbs 

photons and creates electron-hole pairs (excitons), which diffuse into the donor/acceptor 

interfaces, and, finally, separate into electrons and holes which travel to the corresponding 

electrodes producing electric current. By using appropriately designed conjugated, polymeric, 

photo-active materials, and controlling the morphology of the active layer, solar cells with 

power conversion efficiencies (PCE) that exceed 9% have been reported.9-13 However, despite 

their success, conjugated polymers pose some problems related to the reproducibility of their 

synthesis, purification and, hence, their electronic properties. In addition, crude materials 

contain various chain lengths and require fractioning with different solvents in order to 

reduce polydispersity. Furthermore, it is generally necessary to remove remnant terminal 

groups by appropriate chemical treatment. These additional processes increase the cost and 

environmental impact of the material.  

The use of appropriate small molecules instead of conjugated polymers as photoactive 

electron donors in the active layer has recently been the focus of many research efforts on 

solution-processed BHJ solar cells, since they offer many advantages over their polymer 

counterparts, including well-defined molecular structure and molecular weight, high purity 

and good batch-to-batch reproducibility.14-18 Research work in this area was initiated in 2005 
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and it has been rapidly progressed.18, 19-22 In particular, π-conjugated molecules with a donor-

acceptor (D-A) molecular structure have been very successful, due to their potential to create 

very efficient electron-hole separation, and they have resulted in BHJ solar cells with PCE 

values as high as those obtained with the most successful conjugated polymers,19or even 

higher, after device optimization.23,24 Remarkably, there has been a recent report with a 

record breaking 12% solar cell efficiency,25 demonstrating the high potential of solution-

processed small molecule BHJ solar cells over polymer donors.  

Donor molecules employed in the active layers of BHJ solar cells, due to their significant 

role in absorbing and harvesting solar radiation, should display a strong and wide absorption 

profile. Furthermore, they should be sufficiently soluble in common solvents, be able to 

exhibit strong intermolecular interactions in the solid state, have conduction band edge that is 

higher than that of the acceptor material, and exhibit high stability towards light and air.  

Inspired by photosynthesis, which incorporates porphyrin-type macrocycles as basic 

chromophore units for harvesting solar energy and converting it to chemical energy through a 

series of photoinduced electron and energy transfer processes, porphyrins appear to be very 

attractive as donor molecules in BHJ solar cells. Due to their conjugated macrocyclic 

framework, they display a strong Soret band at 400-450 nm and moderate Q-bands in the 

550-650 nm region of their absorption spectra, 26 while by appropriate modification of the 

substitutents on the macrocyclic ring allows fine tuning of their electronic, spectroscopic and 

physical properties. Interestingly, despite their wide and successful utilization of porphyrins 

in other types of solar cells, e.g. in dye-sensitized solar cells (DSSCs), 27-31 which have 

resulted in devices with PCE values higher than 13%, 32,33 their use in BHJ solar cells has 

been rather limited, 34-38 However, recent results suggest that porphyrins can be very effective 

as electron donors in small molecule BHJ organic solar cells and their performance can be 

significantly enhanced via suitable molecular design. For example, in 2012, it was reported 
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that the use of a meso-tetraethynyl substituted porphyrin with terminal aromatic and aliphatic 

groups was used as electron donor, in combination with PC60BM ([6,6]-phenyl C60 butyric 

acid methyl ester) as electron acceptor, resulted in a BHJ solar cell which resulted in a PCE 

value of 2.5%.39 In another case, a porphyrin with two benzothiadiazole units, end-caped with 

3-hexylthienyl, which are connected to opposite meso positions of the porphyrin core by 

ethynyl bridges, in combination with [6,6]-phenyl C71 butyric acid methyl ester (PC71BM), 

resulted a solar cell with a PCE value of 4.02%. 40 By utilizing a porphyrin donor with two 

diketopyrrolopyrrole units and ethynyl bridges with bulky substituents at meso positions and 

PC60BM, a solar cell with a PCE value of 3.71% was obtained, which was improved to 4.78% 

by incorporating pyridine into the active layer.41 More recently, the use of an analogous 

porphyrin derivative with two diketopyrrolopyrrole units with less bulky substituents at the 

periphery as donor along with PC61BM as acceptor raised PCE up to 7.23%. 42 We recently 

reported a simple porphyrin derivative with an ethynyl pyridinyl group at a meso- position, 

which was used in combination with PC71BM, achieving a PCE value of 2.54% without any 

additive. 43 

Over the course of our studies on the synthesis and utilization of new porphyrins and 

porphyrin assemblies in solar cell applications,44 we have synthesized a variety of novel 

triazine-based porphyrin assemblies and investigated their utilization in solar cell 

applications, as sensitizers in DSSCs45,46 and as electron donors in BHJ solar cells.43,47 In 

general, triazine derivatives have been extensively studied as electron transporting and hole 

blocking layers.48-52 On the other hand, porphyrin units covalently linked through electron 

deficient π-conjugated groups like triazine are known to be p-type semiconductors.34,38,53,54 

Therefore, such kind of assemblies is expected to be functional as electron donors in BHJ 

solar cells and possibly offer the advantage of enhanced charge extraction efficiency.55 Along 

these lines, we recently reported a triazine-bridged porphyrin triad with the 2D-π-A 
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molecular architecture56, which in combination with PC71BM resulted in a BHJ solar cell 

with a PCE value of 2.85 and 3.93% without and with 1-chloronaphathalene (CN) additive.47 

Herein we report the use of an unsymmetrical triazine-bridged porphyrin dyad P-tNp-P´ 

(Scheme 1), which consists of two meso- aryl-substituted zinc metallated porphyrin units and 

a piperidine group (with the D-A-D molecular architecture), blended together with PC71BM 

(Scheme 2), as electron donor and electron acceptor, respectively, for the photoactive layer of 

solution processed small molecule BHJ solar cells. By using a P-tNp-P´:PC71BM active layer 

blend in 1:1 weight ratio processed form THF an overall PCE value of 2.91% was obtained. 

The efficiency of the solar cell was further enhanced up to 4.16% when the active layer blend 

was processed from 3% v/v mixture of pyridine in THF. 

Experimental details 

General methods and materials. All synthetic manipulations were carried out using 

standard Schlenk techniques under nitrogen atmosphere. 2,4,6-Trichloro-1,3,5-triazine 

(cyanuric chloride), diisopropylethylamine (DIPEA), Zn(CH3COO)2·2H2O, KOH, PC71BM, 

pyridine and other chemicals and solvents were purchased from usual commercial sources 

and used as received, unless otherwise stated. Tetrahydrofuran (THF) was freshly distilled 

from Na/benzophenone.5-(4-Carbomethoxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-

trimethylphenyl)-porphyrin and 5-(4-aminophenyl)-10,15,20-triphenyl-porphyrin were 

prepared according to literature procedures.46,57 

Synthesis of porphyrindyad P-tNp-P´. P-tNp-P´ was prepared by adding consecutively to 

a THF solution of cyanuric chloride, in the presence of excess of DIPEA, one equivalent of 5-

(4-carbomethoxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-trimethylphenyl)-porphyrin) at 

low temperature, an excess of 5-(4-aminophenyl)-10,15,20-triphenyl-porphyrin at room 

temperature and an excess of piperidine at elevated temperature (~65oC), followed by zinc-
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metallation with Zn(CH3COO)2·2H2O and basic hydrolysis with KOH. Satisfactory analytical 

and spectroscopic characteristics were obtained and reported in our earlier communication.46 

Photophysical measurements. UV-vis absorption spectra were measured on a Shimadzu 

UV-1700 spectrophotometer using 10 mm path-length cuvettes. Photoluminescence spectra 

were measured on a JASCO FP-6500 fluorescence spectrophotometer equipped with a red 

sensitive WRE-343 photomultiplier tube.  

Electrochemistry measurements. Cyclic voltammetry experiments were carried out at 

room temperature using an AutoLab PGSTAT20 potentiostat and appropriate routines 

available in the operating software (GPES, version 4.9). Measurements were carried out in 

freshly distilled and deoxygenated CH2Cl2, at a rate of 100 mV/s with a solute concentration 

of 1.0 mM in the presence of tetrabutylammoniumhexafluorophosphate (0.1 M) as supporting 

electrolyte. A three-electrode cell setup was used with a platinum working electrode, a 

saturated calomel (SCE) reference electrode, and a platinum wire as counter electrode. 

X-ray powder diffraction (XRD) measurements. XRD measurements were recorded on a 

Bruker D8 Advanced model diffractometer with Cu Κα radiation (λ = 1.542 Å) at a generator 

voltage of 40 kV. 

Solar cell fabrication. The BHJ organic solar cells were fabricated using the 

glass/ITO/PEDOT:PSS/P-tNp-P´:PC71BM/Al device architecture. The indium tin oxide (ITO) 

patterned substrates were cleaned by ultrasonic treatment in aqueous detergent, deionized 

water, isopropyl alcohol, and acetone sequentially, and finally dried under ambient 

conditions. The anode consisted of glass substrates pre-coated with ITO, modified by spin 

coating with a PEDOT:PSS layer (60 nm) as hole transport and heated for 10 min at 100°C. 

Mixtures of P-tNp-P´ and PC71BM with weight ratios of 1:05, 1:1, and 1:1.5 in THF were 

prepared and spin-cast onto the PEDOT:PSS layer and dried overnight at ambient 

atmosphere. For the P-tNp-P´:PC71BM blend, processed from 3% v/v of pyridine in THF 
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solvent mixture only the 1:1 weight ratio was used. The thickness of the active layers was 

~90 nm. The aluminum (Al) top electrode was thermally deposited on the active layer at a 

vacuum of 10-5 Torr through a shadow mask of area of 0.20 cm2. All devices were fabricated 

and tested in ambient atmosphere without encapsulation. In order to measure the hole and 

electron mobility of the solar cells, the hole-only and electron-only devices with 

ITO/PEODT:PSS/P-tNp-P´:PC71BM/Au and Al/P-tNp-P´:PC71BM/Al architectures, 

respectively, were also fabricated in an analogous way.  

Photovoltaic measurements. The current-voltage characteristics of the BHJ organic solar 

cells were measured using a computer controlled Keithley 238 source meter in dark as well as 

under simulated AM1.5G illumination of 100 mW/cm2. A xenon light source coupled with 

optical filter was used to give the stimulated irradiance at the surface of the devices. The 

incident photon to current efficiency (IPCE) of the devices was measured, illuminating the 

device through the light source and monochromator and the resulting current was measured 

using a Keithley electrometer under short circuit condition. 

Results and Discussion 

Structure and synthesis of porphyrindyad P-tNp-P´.Porphyrin dyad P-tNp-P´ (Scheme 

1) consists of two meso aryl-substituted zinc-metallated porphyrin units, one of which 

contains a terminal carboxylic acid group (i.e. 5-(4-aminophenyl)-10,15,20-triphenyl-

porphyrin zinc and 5-(4-carboxyphenyl)-15-(4-aminophenyl)-10,20-bis(2,4,6-

trimethylphenyl)-porphyrin zinc), which are covalently linked through their peripheral aryl-

amino groups to a central s-triazine moiety. A N-substituted piperidine group further 

functionalizes the triazine ring. Therefore, P-tNp-P´ is an unsymmetrical dyad whose 

structure can be described as having the D-A-D molecular architecture.  
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P-tNp-P´ was synthesized via temperature-dependent, stepwise amination reactions of 

cyanuric chloride, which is the precursor of s-triazine, with two different amino-phenyl 

porphyrins, and piperidine, in the presence of a weak base (DIPEA). 46 

Photophysical properties of porphyrin dyad P-tNp-P´. The UV-vis absorption spectra of 

P-tNp-P´ in solution and in thin film are shown in Figure1. Its solution spectrum in THF 

(Figure 1, black-color line) exhibits the characteristic absorption bands of zinc-metallated 

porphyrin macrocycles, with an intense Soret band at 425 nm and two moderate Q bands at 

557 and 597 nm, with molar extinction coefficients of 6.66×105, 0.28×105, and 0.12×105 M-1 

cm-1 at 425, 557, and 597 nm, respectively, and no other additional features. This is an 

indication of negligible intramolecular communication between the individual porphyrin 

units attached to the triazine ring in the ground state of the dyad. The absorption spectrum of 

P-tNp-P´ in thin film form cast from THF (Figure 1, red-color line) exhibits the same 

absorption bands which are broader and slightly red-shifted than those of the solution 

spectrum. This may be attributed to porphyrin aggregation in solid state. By using the onset 

absorption edge λonset of Q bands on thin film and the expression Eg
opt = 1240/λonset, the 

optical band gap of P-tNp-P´ was calculated to be 1.94 eV. 

In order to investigate the ability of P-tNp-P´ to serve as electron donor in the BHJ active 

layer of a solar cell, together with PC71BM as electron acceptor, the photoluminescence 

spectra of P-tNp-P´ and P-tNp-P´:PC71BM blend (in 1:1 ratio) were recorded. The 

photoluminescence spectrum of P-tNp-P´ in THF solution, upon excitation at its absorption 

maximum of the Soret band (425 nm), exhibits two peaks of unequal intensities at 608 and 

657 nm (Figure 2, black-color line). When adsorbed onto thin film, the two emission peaks of 

P-tNp-P´ appear to be broader than those of the solution spectrum, while the lower intensity 

peak at 648 nm is slightly blue-shifted (Figure 2, red-color line), which is attributed to 

aggregation phenomena. However, when the P-tNp-P´:PC71BM (1:1 ratio) blend adsorbed 
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onto thin film is photoexcited at 425 nm, the P-tNp-P´ emission is almost completely 

quenched (Figure 2, blue-color line). This is an indication of electron or energy transfer 

taking place from the porphyrin dyad P-tNp-P´ (electron donor) to PC71BM (electron 

acceptor). Consequently, the P-tNp-P´:PC71BM (1:1 ratio) blend can effectively be used as 

photoactive layer in BHJ organic solar cells for efficient light harvesting of solar energy that 

can facilitate exciton dissociation and photoinduced charge transfer.42, 58-60 

Electrochemical properties of porphyrin dyad P-tNp-P´. The electrochemical properties 

of the porphyrin dyad P-tNp-P´ were investigated by cyclic voltammetry measurements in 

THF and revealed one oxidation process at Eox
1 = +0.98 V and one reduction processes at 

Ered
1 = -1.40 vs SCE. Based on the first oxidation potential (Eox

1) and the first reduction 

potential (Ered
1) of P-tNp-P´, the highest-occupied molecular orbital (HOMO) and lowest-

occupied molecular orbital (LUMO) energy levels of P-tNp-P´ were estimated according to 

the expressions 

EHOMO = - (Eox + 4.71) eV 

ELUMO = - (Ered + 4.71) eV 

and they were found to be -5.69 eV and  -3.31 eV, respectively. Taking into account that the 

HOMO and LUMO energy levels of PC71BM are -6.2 and -4.0 eV, respectively, the 

differences between the HOMO and LUMO energy levels of P-tNp-P´ and PC71BM are found 

to be 0.51 and 0.69 eV, respectively. This is an indication that there is sufficient driving force 

for efficient photo-induced electron-hole dissociation in the active layer of P-tNp-P´:PC71BM. 

Photovoltaic properties of P-tNp-P´:PC71BM based BHJ organic solar cells. In general, 

the photovoltaic performance of BHJ solar cells depend on the relative amounts of the 

electron donor and electron acceptor materials used in the photoactive layer. For this reason, 

solar cells based on the general device structure glass/ITO//PEDOT:PSS/P-tNp-

P´:PC71BM/Al were fabricated using four different active layers consisted of mixtures of P-
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tNp-P´ and PC71BM blended in THF in different weight ratios, i.e. 1:0.5, 1:1, 1:1.5, and 1:2. 

The optimum device performance was found for the 1:1 weight ratio. 

The current-voltage (J-V) characteristics of the BHJ solar cell with the P-tNp-

P´:PC71BMactive layer blend in 1:1 weight ratio processed from THF are depicted in Figure 

3a (black-color line), while the corresponding photovoltaic cell parameters, i.e. short circuit 

current (Jsc), open circuit voltage (Voc) and fill factor (FF) are summarized in Table 1. The 

device exhibits Jsc =6.75 mA/cm2, Voc = 0.98 V and FF=0.44, resulting in an overall PCE 

value of 2.91%.  

The IPCE response of the aforementioned BHJ organic solar cell was estimated from the 

expression 

IPCE (λ) = 1240 Jsc/λPin 

where Jsc is the photocurrent under short circuit condition, λ is the wavelength of the incident 

monochromatic light and Pin is the incident photon flux. The IPCE spectrum of the device 

(shown in Figure 3b, black-color line) resembles the UV-vis absorption spectrum of the P-

tNp-P´:PC71BM thin film, which indicates that P-tNp-P´ and PC71BM form an efficient active 

layer in which both of them contribute to the photocurrent generation.  

There are only a few examples in the literature in which covalently linked porphyrin 

assemblies are used as electron donors in BHJ organic solar cells. The first assembly of this 

type to be reported, a symmetrical, triazine-linked, zinc-metallated porphyrin triad, resulted 

in a very poor photovoltaic performance (a PCE value of 0.5%).55 More recently we reported 

a BHJ solar cell based on an unsymmetrical triazine-linked porphyrin triad as electron donor. 

The 2D-π-A structure architecture of that triad assisted in more efficient intramolecular 

charge transfer than the symmetrical triad, leading to a higher PCE value of 2.85% without 

any additive.47 
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The use of the unsymmetrical, triazine-based porphyrin dyad P-tNp-P´, with the D-A-D 

molecular architecture as donor in BHJ solar cells presented herein results in a similar PCE 

value (2.91%) which, however, considering the latest developments on polymer and small 

molecule based BHJ organic solar cell devices, is considered to be poor. Clearly, this may be 

ascribed to the low photovoltaic parameters of the solar cell. Interestingly, the Voc value 

appears to be relatively high, which may be attributed to the low HOMO energy level of P-

tNp-P´, since the Voc is directly related to the difference between the LUMO energy level of 

the acceptor and HOMO energy level of the donor components employed in the BHJ active 

layer. Therefore, the reason for the poor photovoltaic performance should be due to the low 

Jsc, and FF values of the solar cell. These parameters are related to the light harvesting 

efficiency of the BHJ active layer, film morphology, charge transport, and charge collection 

on the respective electrodes of the solar cell.  

The morphology of the active layer of a BHJ solar cell is of great importance for the 

photovoltaic parameters and the solar cell efficiency, since it significantly affects the charge 

transfer process. For this reason, many attempts have been focused on the improvement of its 

properties by means of various treatment methodologies, which include thermal 

annealing,61,62 solvent annealing,2, 63-65 and solvent additives.66-71 

In an effort to improve the overall performance of the BHJ organic solar cell based on the 

P-tNp-P´:PC71BM active layer blend in 1:1 weight ratio, the solvent additive method was 

used. In particular, the active layer was processed from THF using pyridine as solvent 

additive, in a variety of different concentrations, i.e. 1, 2, 3, and 4% v/v pyridine in THF. The 

optimum concentration that resulted in the maximum PCE value was found to be 3% v/v.  

The current-voltage (J-V) characteristics of the modified solar cell with the active layer 

prepared from a 3% v/v pyridine/THF mixture are shown in Figure 3a (red-color line), and 

the corresponding photovoltaic parameters are listed in Table 1.Remarkably, the latter solar 
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cell displays an enhanced performance, since both Jsc (= 8.52 mA/cm2) and FF (= 0.52) 

values are improved, and, despite the fact that Voc is slightly lower, it exhibits an enhanced 

PCE value of 4.16%.  

In order to confirm the effect of pyridine additive on the Jsc value of the P-tNp-

P´:PC71BMbased solar cell, the IPCE response of the device with active layer processed from 

the pyridine/THF solvent mixture was recorded. As shown in Figure3b, the device with the 

pyridine modified active layer (red-color line) exhibits a stronger and broader IPCE response 

than the solar cell with the unmodified active layer (black-color line). 

The UV-vis spectra of P-tNp-P´:PC71BM blend (in 1:1 weight ratio) films processed from 

THF with and without pyridine additive, under identical conditions, were also recorded. As 

shown in Figure 4, the films display almost identical absorption profiles, with the film cast 

from pyridine/THF mixture giving more intense absorption. This can be attributed to 

different film morphologies, with the P-tNp-P´:PC70BM active layer blend prepared from the 

pyridine/THF solvent mixture having a higher degree of crystallinity.72 

In general, the morphology of the active layer of a BHJ solar cell is critical for its 

performance, as it affects all processes occurring in the device, such as exciton diffusion, 

charge separation, charge transport and charge recombination. Ideally, the donor and acceptor 

components in the active layer blend should form an interpenetrating network that possesses 

not only enough D-A interfaces for efficient charge separation, but also continuous 

percolation pathways for charge transport, with the ideal BHJ donor-acceptor domain size 

being within the 10-20 nm range.66, 73-76 

In order to investigate the effect of pyridine as solvent additive on the morphology of the P-

tNp-P´:PC71BM active layer, atomic force microscopy (AFM) images of thin films of the P-

tNp-P´:PC71BM blend processed from THF with and without pyridine additive (Figure 5) 

were obtained. The AFM image of the film processed from neat THF exhibits large phase 
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separation domains in the range of 100-150 nm, with the root mean surface roughness being 

equal to 3.46 nm. However, the corresponding image of the P-tNp-P´:PC71BM blend film 

processed from 3% v/v mixture of pyridine in THF is smoother with much smaller phase 

separation domains in the range of 10-20 nm and the root mean surface roughness being 

equal to ~1.85 nm. These results suggest a better miscibility of P-tNp-P´ with PC71BM on 

pyridine, lead to a fine interpenetrating network. Therefore, the solar cell with the pyridine 

modified active layer displays more appropriate morphological features for efficient exciton 

dissociation and charge transport that result in enhanced Jsc and FF values.67, 77 

The different morphology the pyridine modified P-tNp-P´:PC71BM active layer blend was 

further investigated by X-ray diffraction (XRD) experiments. The XRD patterns of P-tNp-

P´:PC71BM blend thin films processed with and without pyridine additive are shown in 

Figure 6. The blend film processed from the pyridine/THF mixture shows a sharp diffraction 

peak at 2θ= 7.34°, whereas the blend film processed from neat THF shows a broad diffraction 

peak. The increase in the crystallinity may be attributed to the slow evaporation rate during 

the film formation with the pyridine additive. The more distinct diffraction peak of the former 

film suggests a higher degree of crystallinity, which in turn results in more efficient electron 

and hole transport. 

The mobility of holes and electrons in the active layer of a BHJ solar cell are of great 

importance, since they affect the charge transport process and, therefore, the photocurrent 

generation. To explore the influence of pyridine as solvent additive on the charge transport 

within the active layer of the BHJ devices, the hole-only and electron-only devices were 

fabricated using active layers, which were processed from THF with and without pyridine 

additive. The mobilities of electrons and holes were estimated by modeling the dark current-

voltage (J-V) characteristics of the hole-only and electron-only devices (shown in Figure 7a 

and 7b, respectively), using the space charge limited current (SCLC) method.78 The hole 
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mobility (µh) and electron mobility (µe) values are estimated to be 3.48×10-6 and 2.34×10-4 

cm2/Vs, respectively, for the devices fabricated from neat THF, whereas the corresponding 

values of µh and µe for the devices processed from 3% v/v mixture of pyridine in THF were 

estimated to be 2.63×10-5 and 2.28×10-4 cm2/Vs, respectively. Apparently, the incorporation 

of pyridine as solvent additive significantly improves the hole mobility, but slightly decreases 

the electron mobility. The enhanced hole mobility can be attributed to the higher crystallinity 

of the pyridine modified P-tNp-P´:PC71BM active layer blend, which has been proved by UV-

vis absorption spectra and XRD data of the corresponding thin film. For efficient BHJ 

organic solar cells, the electron mobility/hole mobility (µe/µh) ratio should be as low as 

possible, so that the charge transport should be balanced (unity, for an ideal organic solar 

cell). For the THF and pyridine/THF processed active layers, the µe/µh ratios were found to 

be 67.24 to 8.67, respectively. The smaller µe/µh ratio of the latter device implies a higher 

charge balance, which in turn results in more efficient charge transport, and it is an additional 

reason for the enhanced Jsc and PCE values of the pyridine modified device. 

Conclusions 

In summary, herein we present the results of our studies by using an unsymmetrical, 

triazine-bridged porphyrin dyad (P-tNp-P´) having the D-A-D molecular architecture as 

electron donor, in combination with PC71BM as electron acceptor, for the fabrication of 

solution-processed BHJ organic solar cells. UV-vis absorption and photoluminescence 

spectra of P-tNp-P´ and PC71BM blend films together with electrochemical measurements of 

P-tNp-P’ indicate that the dyad can effectively harvest photons and act as electron donor to 

PC71BM molecules. The BHJ organic solar cell based on P-tNp-P´:PC71BMactive layer blend 

in 1:1 weight ratio cast from THF resulted in a PCE value of 2.91%. However, processing the 

active layer blend from a 3% v/v mixture of pyridine in THF resulted in an increase of the 

overall photovoltaic efficiency to 4.16%. The enhanced PCE value for the device with 
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pyridine additive is ascribed to an increase of the Jsc and FF values of the solar cell. As 

shown by AFM and XRD measurements, incorporation of small quantities of pyridine 

additive in the active layer leads to a higher degree of crystallinity. The morphological 

features of the modified active layer, with the smoother surface, the finer interpenetrating 

network and the small domain sizes in the range between 10-20 nm, lead to more efficient 

exciton dissociation and more balanced charge transport. 

These results demonstrate that triazine-bridged porphyrin assemblies are very promising 

electron donors for solution-processed BHJ organic solar cells and that the utilization of 

proper solvent additives in their active layer, such as pyridine, can significantly enhance their 

photovoltaic performance. 
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Scheme 1. Chemical structure of triazine-bridged, porphyrin dyad P-tNp-P´. 
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Scheme 2. Chemical structure of PC71BM. 
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Table 1. Photovoltaic parameters of the BHJ organic solar cells based on differently 

processed active layers of P-tNp-P´:PC71BM in 1:1 weight ratio. 

 
Active layer Jsc(mA/cm2) Voc (V) FF PCE (%) 

P-tNp-P´:PC71BM processed 
from THF 

6.75 0.98 0.44 2.91 

P-tNp-P´:PC71BM processed 
from 3% v/v pyridine in THF 

8.52 0.94 0.52 4.16 
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Figure 1. UV-vis absorption spectra of P-tNp-P´ in THF solution (black-color line) and thin 

film (red-color line), and PC71BM thin film (blue-color line).  
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Figure 2. Isoabsorbing photoluminescence (PL) spectra of P-tNp-P´ in THF solution 

(black-color line),P-tNp-P´ on thin film (red-color line) and P-tNp-P´:PC71BM 

(1:1) blend on thin film (blue-color line) processed form THF. 
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Figure 3. (a) Current-voltage (J-V) characteristics, and (b) IPCE spectra of BHJ organic 

solar cells based on active layers of P-tNp-P´:PC71BM (1:1) blends processed 

from THF (black-color line) and 3% v/v mixture of pyridine  in THF (red-color 

line). 
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Figure 4. UV-vis absorption spectra of P-tNp-P´:PC71BM (1:1) blend thin films processed 

from THF (black-color line) and 3% v/v mixture of pyridine in THF (black-color 

line).  
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Figure 5. AFM tapping mode images (5µm×5µm) of P-tNp-P´:PC71BM (1:1) blend thin 

films processed from (a) THF and (b) 3% v/v mixture of pyridine in THF. 
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Figure 6. X-ray diffraction (XRD) patterns of P-tNp-P´:PC71BM blend thin films deposited 

on quartz substrates processed from THF (black-color line) and 3% v/v mixture 

of pyridine in THF (red-color line). 

  

Page 26 of 34RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 26

 

Figure 7. Current-voltage (J−V) characteristics in dark for (a) hole-only and (b) electron-

only solar cell devices, using P-tNp-P´:PC71BM active layer blends processed 

from THF (black-color line) and 3% v/v mixture of pyridine in THF (red-color 

line).  
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