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Abstract: Organic solar cells (OSC)s are valuable economical and environmental friendly devices capable to generate 

electricity from sunlight. This is because of their simple fabrication process and minimal material usage in comparison to 
the inorganic solar cells. OSCs have not been widely commercialized yet because of their relatively low power 
conversion efficiency and stability problem. It is expected that these obstacles will be surmounted in a foreseeable future 

upon rigorous research studies performed in the field. This paper is devoted to reviewing the design related strategies 
that can be taken to enhance OSC performance. These strategies can be accomplished through modulating the 
architecture of the devices and by considering the alignment of the molecular energy levels between their active layer 

components. 
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1. INTRODUCTION 

The continuous demand for energy and the limiting 

supply of its today’s main sources (petroleum, natural 

gas, and coal) with their detrimental long term effects 

on the environment necessitates a rapid development 

into the clean and renewable energy sources. The only 

sustainable source that can supply electric power with 

its capability of protecting our environment from being 

polluted is thought to be solar energy [1-3]. Solar 

energy can be exploited to generate electricity by 

means of solar cell devices in a technology known as 

photovoltaic, PV technology. The most widely used 

material in PV fabrication is crystalline silicon, c-Si 

representing over 90% of the global commercial PV 

module production in its various forms [4]. 

Manufacturing of inorganic based SC is expensive due 

to strong requirements to the high purity of this material 

and the techniques used in the devices fabrication [5]. 

Besides, emissions to the environment are mainly 

occurred from using fossil-fuel based energy in 

producing the materials for inorganic solar cells [6]. 

Over the last two decades great efforts have been 

made to develop the low cost and ambient temperature 

processing solar cells based on organic and polymeric 

materials [7-10]. Despite easy fabrication of these 

devices, they are able to show extra important features, 

such as flexibility, light weight, and degradability for 

recycling purposes. OSC is a green technology, which 

is basically made from those materials that carbon 

atoms are participating in their chemical structures. 

OSCs are seen to be the most plausible candidates 

with substantial future prospects consisting of  
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conjugated polymers, fullerenes (C60 and its 

derivatives), and carbon nanotubes, CNTs [11-17]. 

However, due to their low efficiencies of about 9% [18, 19] 

and stability problem [20], they are still far from being 

commercialized widely, while at least 10% of stable 

power conversion efficiency is required for practical 

applications [21, 22]. The unsolved issues of low 

efficiency, and short life time, necessitate rigorous 

research studies to be performed covering from 

materials analysis to the devices fabrication and 

characterization. Nevertheless, relatively little 

information is known about the exact correlation 

between the devices parameters and their materials 

performance, still some of the OSCs parameters are 

not fully understood [23, 24]. Figure 1 shows a 

prototype structure of OSC device. Indium-tin-oxide 

(ITO) is normally utilized as first electrode. The most 

commonly used second electrode is one of these 

metals; aluminum, calcium, magnesium, or gold. 

 

Figure 1: Prototype structure of organic solar cells. 

It is clear that upon the absorption of light by OSCs, 

excitons (bound electron-hole) are formed in the donor-

acceptor (D-A) active layer, followed by the exciton 

diffusion and dissociation, which occurs at the D-A 

interfaces via an ultra-fast charge transfer. 
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Subsequently, the separated free electrons and holes 

transport through individual percolating pathways, and 

then they are extracted by the corresponding 

electrodes. Hence, one might conclude that the device 

performance can be approached by improving factors 

contributing in the processes of light absorption, 

exciton diffusion/dissociation, charge transport, and 

charge collection.  

One major obstacle in front of OSCs is how to make 

excitons dissociate effectively into free charge carriers. 

Another challenge, which is common in both of organic 

and inorganic solar cells, is the full collection of 

photogenerated charge carriers by the correspondence 

electrodes (negative and positive electrodes). In the 

organic materials, especially disordered ones, carrier 

mobility is several orders of magnitude smaller than 

that in crystalline inorganic semiconductors. This 

imposes restriction on the maximum thickness of 

organic photovoltaic devices and makes them to have 

very thin active layers (in nanometers scale). 

Furthermore, D-A organic components suffer from an 

imbalance transport of electron and hole carriers. 

Accumulation of less mobile charge carriers in the 

active layer will hamper charge collection at the 

electrodes and thereby drastically reduce the solar cell 

efficiency. Another problem is the difficulties in an 

efficient harvest of excitons. Because of a large binding 

energy, intrinsic dissociation of excitons into free 

carriers is virtually impossible. Due to this, diffusion of 

excitons towards either charge transfer centers or D-A 

interfaces is a prerequisite for charge photogeneration 

[25]. Therefore, different practical approaches are 

needed to be undertaken to overcome these 

bottlenecks and hence to produce efficient OSC 

fabrication. The next sections will provide an interesting 

overview of these approaches.  

2. BULK HETEROJUNCTION STRUCTURES 

The idea behind bilayer heterojunction, which 

consists of two layers of D-A, is to use two materials 

with different electron affinities, LUMOs and ionization 

potentials, HOMOs [26]. By this, favorable exciton 

dissociation is obtained; the electron will be accepted 

by the material with the higher electron affinity while the 

hole by the material with the lower ionization potential 

[27]. The main drawback of this concept resides in the 

rather short diffusion length of excitons (5–15 nm) [28]. 

Indeed, only those excitons that are created within a 

distance from the D-A interface shorter than their 

diffusion length may contribute to the photocurrent 

generation [25]. This limits the photocurrent and hence 

the overall performance of bilayer organic solar cells. 

To overcome this limitation, the surface area of the D-A 

interface needs to be increased. This can be achieved 

by creating a mixture of donor and acceptor materials 

with a nanoscale phase separation resulting in a three 

dimensional interpenetrating network called the bulk 

heterojunction like shown in Figure 2. Bulk 

heterojunction concept suggests the goal of achieving 

a larger interfacial area between the electron and hole 

transporting materials. The photocurrent achieved by 

bulk heterojunction devices are up to several 

milliamperes per square centimeter, improving 

drastically the efficiencies over that of bilayer strucutres 

[24, 29]. It has been proved that solution-processed 

bulk heterojunction structures with D-A blends 

sandwiched between the anode and cathode are the 

 

Figure 2: Bulk heterojunction structure for OSCs. 
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most promising alternative to realize large-scale solar 

cell production [30, 31]. 

The bulk heterojunction device is similar to the 

bilayer device with respect to the D-A concept, but it 

exhibits a vastly increased interfacial area dispersed 

throughout the bulk. The bulk heterojunction requires 

percolated pathways for both phases throughout the 

volume, i.e., a bicontinuous and interpenetrating 

network. Therefore, the nanoscale morphology in the 

bulk D-A active layer is more complicated to be 

controlled well in terms of the phase separation 

between the donor and acceptor regions and hence 

possibly the leakage current persists due to the 

insufficient contact of the acceptor phase with the 

cathode electrode and donor phase with the anode 

electrode [32]. The bulk heterojunction devices used 

today consist, in general, of a poly(4-tyrenesulfonate) 

(PEDOT-PSS) covered ITO substrate, coated with a 

single photoactive bulk heterojunction layer (e.g., 

polymer–fullerene mixtures) closed by a low work 

function cathode such as Al [33]. 

3. MULTILAYER STRUCTURES 

It is known that each organic material has a unique 

optical band gap and a broad absorption spectrum of 

sunlight is not easy to be achieved by a single organic 

layer. Therefore, multiple layers and stacked tandem 

cell structure, in which each layer absorbs a different 

light wavelength, have been proposed to mostly 

resolve the limited absorption problem. Organic 

materials have higher absorption coefficient than that of 

inorganic materials. Therefore, about 300 nm film is 

thick enough to absorb the most incident light [13]. 

However, the thickness is ultimately limited by the short 

exciton diffusion length and low charge carrier mobility 

[17] since the balance between the light absorption and 

the charge transport plays a crucial role in the device 

performance. As a result, the optimized thickness for 

most of OSCs is less than 100 nm [13]. Apart from bulk 

heterojunction structure that was discussed previously, 

several materials and device structures have been 

developed to obtain high short circuit current density, 

Jsc. The concept of tri-layer organic p-i-n junction [34], 

in which i-layer is a co-deposited layer of two different 

organic semiconductors is another approach, as shown 

in Figure 3a. Co-deposited layers have a vast number 

of heteromolecular (donor–acceptor) contacts acting as 

efficient photocarrier generation sites [28]. Additionally, 

tandem structure as an effective approach to enhance 

the light harvesting by means of stacking multiple cells 

with complementary absorption spectra has also been 

proposed (see Figure 3b). The limits to power 

conversion efficiency and photovoltage can be 

breached through fabrication of tandem solar cells [35-

37]. A tandem solar cell consists of two stacked solar 

cells made from materials with different optical gaps. 

Initially, light is absorbed by the higher-gap cell hence 

the lower energy photons pass through the higher gap 

device and then photons are absorbed by the second 

cell. There is a conductive layer connecting the two 

cells accordingly, which works as a site for charge 

recombination. However, in terms of device fabrication, 

there are difficult tasks such as optimizing the layers 

thickness, selection of suitable materials, and 

recombination sites that have to be treated with a great 

caution. Figure 3b shows a representative tandem 

solar cell with two stacked cell structure having a gold 

metal, Au layer as the conductive layer between the 

two stacked cells to provide the recombination site. 

4. EXCITON BLOCKING LAYER 

The active layer of bulk heterojunction structure is 

sandwiched between the anode and cathode 

 

Figure 3: The structure of (a) multilayer organic p-i-n solar cells and (b) organic tandem solar cells. 
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electrodes, in which both donor and acceptor materials 

are in direct contact with the electrodes. So it is 

possible for the acceptor material to transfer electrons 

to the hole-collecting anode and for the donor to 

transfer holes to the electron-collecting cathode, 

thereby producing a large leakage current and lowering 

the performance of the device. In order to tackle these 

problems, interfacial buffer layers can be inserted 

between the active layer and electrodes to enhance the 

collection of the photogenerated charges and to reduce 

the leakage current [31]. In a study in which an exciton 

blocking layer, EBL of bathocuproine, BCP was 

incorporated, photovoltaic properties of devices based 

on pentacene/PCBM were investigated [38]. It was 

seen that a thin layer of BCP has improved the EQE 

and charge carrier collection in the devices. More 

recently, tris (8-hydroxyquinolinate) aluminium, Alq3 

was also used between the cathode electrode and 

acceptor materials [39, 40] (see Figure 4). It was 

observed that this has led to increase in both efficiency 

and stability of the OSC devices. 

 

Figure 4: An OSC device incorporating exciton blocking layer 
of Alq3 between the cathode electrode and acceptor material. 

Similar to the cathode interface, atoms from the 

anode electrode can react with the organic material. 

Indium atoms from indium tin oxide, ITO electrode were 

found to diffuse into the organic layer, where it acts as 

trapping site for the charge carriers [27]. One strategy 

that is used to minimize indium and oxygen diffusion is 

to put an interfacial hole-transporting layer, such as 

poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfo-

nic) acid, PEDOT-PSS between ITO and the active 

material. This layer serves to smooth out the uneven 

surface of ITO and provides larger injection of holes 

into the anode electrode. Figure 5 shows a device, in 

which after insertion of a thin PEDOT:PSS layer ( 35 

nm) between the active layer and anode electrode, the 

efficiency of the device was pronouncedly increased 

[24]. 

 

Figure 5: An OSC device incorporating exciton blocking layer 
of PEDOT:PSS between the anode electrode and acceptor 
material. 

5. DOUBLE CABLE POLYMER 

It was understood that the control of nanoscale 

morphology in bulk heterojunction structure was not 

easy. The degree of the phase separation between D-A 

and domain size depend on solvent choice, speed of 

evaporation, materials solubility, miscibility of the donor 

and acceptor components, annealing temperature, etc. 

One strategy towards increasing the D-A phase control 

is to covalently link donor and acceptor molecules to 

get some sort of polymers called the double cable 

polymers. Researchers [41-43] have synthesized a 

pendant fullerene moieties and polythiophene 

backbone with covalently bound tetracyanoan-

thraquino-dimethane, TCAQ moieties (donor–acceptor 

double-cable polymer), respectively, aiming at utilizing 

these structures in organic solar cells. Even though the 

synthesized soluble cable polymers have shown some 

promising results, the fully optimized double-cable 

polymers are still not achieved. As the complexity of 

the designed systems increase, the more critical it 

becomes to optimize design parameters. The 

realization of effective double cable polymers will bring 

the D-A heterojunction at a molecular level. Figure 6a 

shows a schematic representation of this system, while 

Figure 6b shows an alternative approach to double 

cables polymer, known as block copolymers, consisting 

of donor and acceptor blocks linked side by side 

together. In general, block copolymers [44, 45] are well 

recognized for phase separation and ordered domains 

formation, similar to those of the double cable 

polymers. Stalmach et al. [46] synthesized a block 

copolymer consisting of an electron acceptor block and 
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an electron donor block by means of atom-transfer 

radical addition, aiming to enhance the photovoltaic 

efficiency of the PPV-C60 system (PPV = poly(p-

phenylenevinylene)). Since the solubility of such 

complicated structures is very limited, the practical 

handling for device fabrication is cumbersome [27]. 

6. ENERGY BAND ALIGNMENT  

The discovery of conjugated polymers stimulated 

the research field of organic electronics, thereby 

developing a variety of organic based devices such as, 

solar cells, light-emitting diodes, field-effect transistors, 

and memory devices. The emergence of the fields can 

be tracked back to the mid-1970 when Shirakawa 

reportedly prepared the first polymer (polyacetylene) by 

accident, subsequently Heeger and MacDiarmid 

discovered that the polymer would undergo an increase 

in conductivity by 12 orders [47]. The most important 

functionality of the organic materials is the large 

polarizability of their extended -conjugated electron 

systems formed by the delocalization of the pz orbitals 

of the carbon atoms [14]. Due to this basic functionality, 

upon the absorption of sun light, these materials can 

show the photo-induced charge carriers and transport 

properties by hopping process along their conjugated 

backbone. Hence, most of the organic materials have 

attracted considerable attention to be exploited in the 

fabrication of electronic and optoelectronic devices 

[48]. In particular, two types of materials are usually 

selected as photovoltaic active layers in the fabrication 

of OSCs. The first layer must be conductive to holes. 

This is referred to as donor, while the second layer is 

conductive to electrons and known as acceptor. 

Regardless of whether the device is produced in a 

bilayer or bulk heterojunction structure, it is of great 

importance the HOMO and LUMO energy levels of the 

D-A system are matched well to facilitate efficient 

exciton generation, dissociation and charge transport 

properties. The basic process of the photo-induced 

charge transfer between a donor, D molecule and an 

acceptor, A molecule can be described as follows [49]: 

Step 1: D + A D*
+ A  (photoexcitation of D) 

Step 2: D*
+ A (D A)*

 
(excitation delocalized 

between D and A) 

Step 3: (D A)* (D + A )*
 

(polarization of 

excitation: partial charge transfer) 

Step 4: (D + A )* (D•+ A• )
 

(ion radical pair 

formation) 

Step 5: (D•+ A• ) D•+
+ A•

 
(complete charge 

separation) 

Table 1 shows some representative donors and 

acceptors including their HOMO and LUMO energy 

levels [50, 51] with their molecular structures. 

Fullerenes are considered the best electron acceptors 

so far. This is because of (i) ultrafast (~50 fs) 

photoinduced charge transfer that is happened 

between the donors and fullerenes, (ii) fullerenes 

exhibit high mobility, for example, C60 has shown field 

effect electron mobility of up to 1 cm
2
 V

-1
 s

-1
 and (iii) 

fullerenes show a better phase segregation in the blend 

films [13, 49]. Among the organic donor materials 

concerned, sexithiophene, 6T shows the highest 

mobility when they are used as hole transporting layers 

[52, 53]. By improving the solubility of sexithiophenes 

through the addition of hexyl side chains to -

sexithiophene (6T) [54], it was possible to synthesize 

, -dihexyl-sexithiophene, DH6T semiconductor, 

which was characterized by reasonable field-effect 

mobility reaching as high as 0.1 cm
2
/V.s [55, 56]. 

 

Figure 6: Shows (a) schematic representation of a realistic double cable polymer and (b) self-assembled layered structure of di-
block copolymers. 
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Table 1: Examples of Donor and Acceptor Organic Materials Including their Basic Structural and Energy Levels 
Information 

Nomenclature Molecular structure HOMO (eV) LUMO (eV) 

Poly [2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylene vinylene] 

(a) 

O

O

n

MEH-PPV
 

5.2 2.8 

Poly (3-hexylthiophene) 
(a) 

S

n

P3HT

 

4.8 2.7 

D
o

n
o

rs
 

Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b']dithiophene)-

alt-4,7-(2,1,3-benzothiadiazole)] 
(b) 

S S

N

N

S

n
PCPDTBT

 

4.9 3.5 

 
, -dihexyl-sexithiophene 

(c) S

S

S

S

S

S
C6H13C6H13

DH6T

 

5.2 2.9 

[6,6]-phenyl-C61 butyric acid methyl 
ester (PCBM) 

(b)
 

OMe

O

PCBM, C
61

 

6.0 3.9 

[6,6]-phenyl-C70 butyric acid methyl 
ester (PCBM) 

(b)
 

OMe

O

PCBM, C
70

 

6.1 4.3 

Tris (8-hydroxyquinolinate) aluminium 
(d)

 N

O

N

O

N

O

Al

Alq3
 

6.3 3.4 

A
c
c

e
p

to
rs

 

Tris (8-hydroxyquinolinate) gallium 
(d)

 
N

O

N

O

N

O

Ga

Gaq3
 

5.8 3.0 

(a)
[57], 

(b)
[37], 

(c)
[51], 

(d)
[50]. 

Benefited by the high carrier mobility of DH6T and 

PCBM, and their appropriate energy band alignment 

various architectures of organic solar cells based on 

DH6T/PCBM have been investigated [24]. Interestingly, 

if a ternary bulk heterjunction structure is considered, 

then the right choice of materials based on their energy 
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bands alignment is of initial necessity. Figure 7 shows 

an example of such alignment between the molecular 

energy levels of P3HT/MEH-PPV/PCBM components 

(D-A-A), in which a correct HOMO and LUMO energy 

band alignment can be realized for OSC application.  

7. OUTLINE 

The simple and low cost fabrication process of 

organic solar cells makes them attractive candidates 

for generation of electricity. The performance 

enhancement of these devices is of prior request by the 

researchers in the field. This can be accomplished 

upon rigorous research studies performed through 

materials analysis to the devices fabrication and 

characterization, thereby realizing valuable strategies 

to improve the performance of these devices. The 

architecture of the active layer plays a vital role in 

defining the overall efficiency of OSCs. In this way, 

various approaches can be utilized to modulate the 

device components including heterojunction and 

multilayer structures, insertion of excitons blocking 

layers, designing the double cable or di-block 

copolymers along with the optimum selection for the 

HOMO and LUMO energy levels between the cells 

components. 
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