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Introduction to Organic Solar Cells

Hui Huang and Wei Deng
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1.1  Introduction

In the recent years, solar cells play an important role in meeting the global energy 
and environment challenges as a clean and sustainable source of energy [1]. The 
first generation of solar technologies is wafer-size single-junction solar cells based 
on crystalline silicon that are assembled into large area modules [2]. However, the 
electricity generated by silicon solar cells is more expensive than the grid due to 
their high cost of manufacture and long energy payback time. This drives the com-
munity to search new materials and devices in order to further reduce the cost of 
produced electricity. Thin-film photovoltaics are second-generation solar technolo-
gies [3] based on inorganic semiconductor materials including amorphous silicon 
II–VI semiconductors such as CdS or CdTe and chalcogenides such as CuInSe2 or 
CuInGaSe2 [4]. The third generation solar technologies include: (i) the dye-sensi-
tized solar cells that are electrochemical cells with an electrolyte [5]; (ii) organic 
solar cells(OSCs) that include semiconducting donor and acceptor composite and 
function based on excitonic mechanism [6, 7]; (iii) hybrid solar cells where inor-
ganic quantum dots are doped into organic semiconductors or by combining nano-
structured inorganic semiconductors with organic materials [8, 9].

The first conceptual OSCs were reported by Kearns and Calvin in 1958 that have 
a pristine organic material (magnesium phthalocyanine) between two electrodes 
[10]. However, the power conversion efficiency (PCE) stayed in the order 0.1 % or 
lower for more than 20 years. In 1986, Tang developed bilayer heterojunction OSCs 
with a PCE of about 1 % which represented a major milestone for OSCs [6]. Later 



2 H. Huang and W. Deng

on bulk heterojunction OSCs [7] paved the path for achieving high efficiency OSCs 
that now passed over 10 % efficiency [11], reaching the dawn of commercialization.

Even though their efficiency and stability are still under intense investigations, 
the organic solar technologies have several advantages compared to their inorganic 
counterparts: (i) the solution processability of organic semiconductors provides a 
great potential for low cost fabrication of large area OSCs; (ii) low temperature 
processing reduces energy consumption during manufacturing, further decreasing 
the energy payback time; (iii) the capability of printing on top of plastic substrates 
results in applications such as portable electronics. In this chapter, the basic prin-
ciples including organic materials’ working mechanism, device configurations and 
characterizations, and device stability will be described.

1.2  Materials

Organic semiconductors can be generally classified into two categories: small mol-
ecules or oligomers and polymers. Both, molecular and polymeric semiconductors, 
are carbon-based materials that present a backbone along which the carbon (or ni-
trogen, oxygen, sulfur, etc.) atoms are sp2-hybridized, and thus remain a p-atomic 
orbital. The overlap of these p-orbitals along the backbone leads to the formation 
of delocalized π molecular orbitals. The overlap of different electron wave func-
tions of neighboring atoms defines the frontier electronic levels: the Highest Oc-
cupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital 
(LUMO). As shown in Fig. 1.1, the HOMO with filled electrons has different en-
ergy levels from the LUMO free of electrons, which determine the optical and elec-
trical properties of the semiconductors.

π

π*E
LUMO

HOMO
Fig. 1.1  Illustration of HOMO and LUMO energy levels of an organic semiconductor
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In general, organic semiconductors can be treated as “intrinsic wide band gap 
semiconductors” (band gaps above 1.4 eV) down to “insulators” (band gap above 
3 eV) with a negligibly low intrinsic charge carrier density at room temperature in 
the dark. Extrinsic charge carriers are introduced into organic semiconductors upon 
chemical photochemical or electrochemical doping [12]. The charge carrier mobil-
ity is an important parameter of organic semiconductors. The overlap of the frontier 
π molecular orbitals between adjacent molecules or polymer chains represents the 
strength of the intermolecular electronic couplings and governs charger carrier mo-
bilities in organic semiconductors. The localization of charge carrier and formation 
of polarons results in a rather low carrier mobilities compared to those of inorganic 
counterparts. The carrier transport then relies on polarons hopping from molecule 
to molecule [13]. Due to this hopping mechanism, the charge carrier mobilities 
are determined by many factors including molecular packing [14], disorder [15], 
temperature [16], presence of impurities [17], charge carrier density [18], electric 
field [19], size/molecular weight [20, 21], and pressure [22]. As a result, the mor-
phology of the organic semiconductor films can significantly influence the charge 
carrier mobilities that can vary over several orders of magnitude when changing 
from highly disordered amorphous materials to highly ordered crystalline films 
[13]. There are several techniques to measure the carrier mobilities [23], such as 
time of flight (TOF) [24, 25], pulse-radiolysis time-resolved microwave conductiv-
ity (PR-TRMC) [26], field-effect transistor (FET) [27], and space-charge-limited 
current (SCLC) [28]. The mobilities measured with SCLC techniques reflect the 
bulk mobilities of organic semiconductors in OSCs.

OSCs materials include hole-conducting p-type semiconductors and electron-
conducting n-type semiconductors together with interfacial layer materials. The p-
type materials include small molecular and polymeric semiconductors. The classic 
small molecules include porpyrins, phthalocyanines, and so on. Compared to the 
polymeric analogues, the small molecules enjoy high purity and strong molecular 
organization into ordered structures leading to high charge carrier mobility. The first 
OSC is based on small molecule of magnesium phthalocyanine [10]. The efficien-
cy of small molecule-based OSCs used to be much behind that of polymer-based 
OSCs. Recently, the efficiency dramatically increased to over 10 % upon employing 
conjugated small molecules with a tandem device configuration [29]. The polymer 
semiconductors are the dominant p-type materials due to their solution processabil-
ity and diversity of structures. The donor–acceptor (D–A) alternating strategy is the 
broadly used method to tune the energy levels of polymeric semiconductors. Thus, 
hundreds of novel polymeric p-type materials have been designed, synthesized, and 
used in OSCs studies resulting in efficiency over 10 % [11]. The dominant n-type 
materials are fullerene derivatives due to their triplet degeneration of LUMO [30], 
fast charge splitting [31], and good electron mobility [32]. However, their weak ab-
sorption in the visible region rooted from their symmetric forbidden properties [33, 
34] inspired the discovery of novel non-fullerene acceptors. Interfacial layer materi-
als can be classified as different categories according to their functions including 
electron collection, layer hole collection, layer exciton dissociation, layer morphol-
ogy control, layer light harvesting layer, and interconnecting layer for tandem solar 
cells.
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1.3  Operating Principles of OSCs

The process of converting solar energy into electricity by OSCs includes four steps: 
exciton generation, exciton diffusion, exciton dissociation, and charge transport to 
the electrodes. Each step is critical for the efficiency of converting the solar energy 
into electricity, and will be discussed in details in this section.

1.3.1  Exciton Generation

After the absorption of a photon from the incident light, an electron is excited from 
the HOMO to the LUMO of the organic semiconductors. This process is analogous 
to exciting an electron from the valence bond to the conducting bond in inorganic 
semiconductors. However, due to the low dielectric constant of π-conjugated organ-
ic materials, and the significant electron correlation and geometry relaxation effects 
present in these materials [35, 36], this photo excitation process leads to neutral and 
Coulombically bound electron–hole pairs called excitons rather than free charge 
carriers in inorganic counterpart. The binding energy of the electron–hole pairs is 
of the order of a few tenths of an electron volt [36], much higher than that of a few 
millivolts in inorganic semiconductors. As a result, it is estimated that only 10 % of 
the photo excitations result in free charge carriers in conjugated polymers [37]. This 
is the reason why two components, an electron donor and an electron acceptor, are 
required to split the excitons. In general, both the ground state (S0) and the lowest 
excited state (S1) of the π-conjugated system are singlet. The spin–orbit coupling 
to triplet states (T1) is extremely small in pure hydrocarbons with a coplanar con-
formation (such as pentacene) while intersystem crossing to triplet excitons can 
be efficient in conjugated compounds with heavy atoms or far from planarity [38].

The band gap of organic semiconductors determines the broadness of absorp-
tion of the solar spectrum. The smaller the band gap, the broader will be the solar 
spectrum that organic semiconductors can absorb. It is reported that a band gap of 
1.1 eV is capable of absorbing 77 % of the solar irradiation [39]. Apparently, design-
ing organic materials with low band gap is a key step to achieve high efficiency 
OSCs. Also, it has been noted that around 100 nm thickness of organic semiconduc-
tor film with a reflective back contact can absorb most of the photons because the 
absorption coefficients of organic materials are on the order of 105 cm-1 [39].

1.3.2  Exciton Diffusion

Excitons need to diffuse to the donor–acceptor interface where they can dissoci-
ate to generate separate negative and positive charges. Thus, exciton diffusion 
length limits the thickness of the bilayers and the donor–acceptor phase separa-
tion length [40]. Otherwise excitons decay via radiative or nonradiative pathways 
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before reaching the interface result in loss of their energy. It has been noted that 
exciton diffusion lengths in organic semiconductors are usually around 10–20 nm 
[39]. Also, as the excitons are neutral species, their diffusion happens via random 
hopping [41].

A Förster energy transfer mechanism [42] is usually used to describe the hopping 
of singlet excitons, which includes the long-range electrostatic coupling between 
the excitation transition dipoles. In comparison, the hopping of triplet excitons 
is proposed through a Dexter-type mechanism where hops are restricted to adja-
cent sites. Therefore, singlet excitons can travel faster than triplets but decay more 
quickly too.

1.3.3  Exciton Dissociation

In order to split the neutral excitons, either external electric fields or donor–acceptor 
interface should be provided to create local electric fields. At the interface, strong 
local electric fields form due to significant changes of the potential energy of the 
donor and acceptors. Therefore, blending donor conjugated materials with electron 
acceptors to create heterojunction interfaces with energy difference is an efficient 
method to split the neutral exactions to form separate charges. It is noted that this 
photoinduced charge transfer in donor–acceptor system is an ultrafast process on 
a time scale of 45 fs much faster than other competing relaxation processes. For 
example, the time scale of photoluminescence process is around 1 ns [43].

Different mechanisms were proposed to describe the dissociation process of the 
excitons. In most instances, a transition from the exciton state down to the lowest 
charge transfer (CT) state is believed to happen where the hole sits on the HOMO 
of a donor material and the electron on the LUMO of a neighbor acceptor molecule. 
As the hole and electron are still close to each other, they are still Coulombically 
bound. As a result, the CT state is lowest in energy. It is believed that the presence 
of disorder or dipoles at the interface would favor the charge separation rate ( kCS1) 
over the charge recombination rate ( kCR) [44, 45]. Another mechanism describes 
that the efficient coupling of the exciton around the interface stays at higher lying 
CTn states [46]. In this scenario, the electron and hole stay more distant and easier 
to be separated. The rate of charge transfer ( kCTn) and charge separation ( kCSn) are 
larger than that of the relaxation of the state down to CT1.

1.3.4  Charge Transport to the Electrodes for Collection

The separated charges need to transport to the electrodes in order to achieve high 
efficiency solar cells before they decay or recombine. The mobilities of the donor 
and acceptor materials are thus critical for the charge carrier transporting. Rather 
than the random hopping of the excitons, the holes and electrons move to the anode 
and cathode with driving forces, respectively. First, a gradient in the potentials of 
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electrons and holes exists in a donor–acceptor junction, which is determined by 
the offset of HOMO of the donor and the LUMO of the acceptor. Thus, this inter-
nal electrical field determines the maximum open circuit voltage and drives the 
movement of charge carriers. Second, an external electric field can be formed by 
using asymmetrical contacts where one low work-function metal is for collecting 
electrons and one high work-function metal for collecting holes [47]. Finally, the 
concentration gradients of the respective charges can lead to diffusion currents.

After the charge carriers transport to the interface of the organic materials and 
electrodes, they are extracted to the electrodes. An Ohmic contact between organic 
materials and electrodes is important to efficiently collect the electrons in cathode 
and holes in anode. The nature of the electrode/organic materials interfaces is com-
plex. Different strategies were employed to align the energy levels of the materials 
and work functions of the electrodes. First, metal electrodes with different func-
tions were used for cathode and anode. For example, in P3HT/PCBM system ITO 
with a work function of 4.7 eV was used to match the HOMO of P3HT while low 
work function metals such as Al (4.2 eV) were used to match the LUMO of PCBM. 
Second, deposition of interlayers between electrodes and active layers lead to inter-
facial charge density redistributions and/or geometry modifications that influence 
the alignment of the organic electronic energy levels and the electrode Femi levels 
[48]. However, the mechanism is still debatable. And much remains to be done to 
understand the intricate details of these interfaces.

1.4  Device Configurations

It is well known that not only the conjugated materials are important to achieve 
high performance solar cells but also the device structure can dramatically influ-
ence the efficiency of harvesting solar light. Actually, several disrupting progresses 
happened due to the creative design of the device architecture. For example, the 
change of the device structure from a sandwich configuration with a single light 
absorber between two electrodes to a bilayer donor/acceptor organic heterojunction 
between electrodes dramatically increased the efficiency from around 0.1 % to over 
1 % which shed light on developing highly efficient OSCs [6, 10]. Furthermore, 
upon mixing donor and acceptor to form a bicontinuous bulk heterojunction struc-
ture and stacking the devices to achieve a tandem structure, the solar cell efficiency 
nowadays can reach over 10 % [11]. In this section, different device structures will 
be discussed.

1.4.1  Planar Bilayer Configuration

A planar bilayer heterojunction solar cell device was developed by Tang in 1986 
using CuPc and PTCBI as the donor and the acceptor [6]. The classic structure is 
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shown in Fig. 1.2, which includes an anode, hole transport layer, acceptor, donor, 
electron transport layer, and a cathode. This structure represents a simple configura-
tion for understanding the basic operating principle of the OSCs. The hole and elec-
tron transport layers have several functions including modifying the work function 
of electrodes to form Ohmic contact and blocking the electrons and holes to avoid 
unnecessary charge recombination. The heterojunction between the donor/acceptor 
is necessary to efficiently split photogenerated excitons in the organic active layer 
into free charge carriers, which is the reason of the dramatic increase of the device 
efficiency compared to the device configuration consisting of a pristine organic 
material sandwiched between two electrodes. The bilayer device structure has been 
employed for different donor and acceptor materials, and also a direct method to 
evaluate the performance of the new organic materials.

The efficiency of the bilayer device suffers from the short exciton diffusion dis-
tance even though it is a significant improvement compared to the single layer de-
vice. Due to the limited extinction coefficient constant [39], the thickness of the ac-
tive layer should be more than 100 nm to harvest most solar light while the excitons 
generated far away from the interface decay before they reach the heterojunction 
[49]. Interfacial layer engineering is one solution to solve this issue which allows 
use of thicker active layers while still maintaining a short path for exciton diffusion.

1.4.2  Bulk Heterojunction Configuration

A revolutionary bulk heterojunction concept was first proposed by Heeger [7] and 
Friend [50] simultaneously, resulting in a dramatic improvement of the low effi-
ciency exhibited by planar bilayer OPVs due to the intrinsically short exciton diffu-
sion distance in organic semiconductors. The reason for this improvement is that the 
blending donor/acceptor films form a bicontinuous and interpenetrating network 
with nanoscale domains. As a result, the interfacial area between the donor and 
acceptor increased significantly and each interface is within a distance less than 
the exiton diffusion length. Not surprisingly, some bulk heterojunction OSCs can 
harvest the solar light with a nearly unity internal quantum efficiency [51], which 
means almost every photogenerated exciton can travel to the interface and dissoci-
ate to form a hole and an electron.

Cathode

Electron Transport Layer

Acceptor

Donor

Hole Transport Layer

ITO

Glass

Fig. 1.2  Structure of a 
bilayer solar cell
 


