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REVIEW ARTICLE

Organic Solar Cells: A Review of Materials, Limitations,
and Possibilities for Improvement

OMAR A. ABDULRAZZAQ, VINEY SAINI, SHAWN BOURDO, ENKELEDA DERVISHI, and
ALEXANDRU S. BIRIS

Center for Integrative Nanotechnology Sciences, University of Arkansas at Little Rock, Little Rock, Arkansas, USA

Significant attention has been given during the last few years to overcome technological and material barriers in order to develop
organic photovoltaic devices (OPVs) with comparable cost efficiency similar to the inorganic photovoltaics (PVs) and to make them
commercially viable. To take advantage of the low cost for such devices, major improvements are necessary which include: an
efficiency of around 10%, high stability from degradation under real-world conditions, novel optically active materials, and devel-
opment of novel fabrication approaches. In order to meet such stringent requirements, the research and development in OPVs need
to improve upon the short diffusion length of excitons, which is one of the factors that are responsible for their low power con-
version efficiency. This review discusses some of the most significant technological developments that were presented in the litera-
ture and helped improve photovoltaic performance, such as tandem architectures, plasmonics, and use of graphitic nanostructural
materials, among others.

Tandem organic solar cells with embedded plasmonics are a promising approach to further increase the power conversion
efficiency of organic solar cells, by harvesting complementary spectral regions with high quantum efficiencies. Polymeric nanocom-
posites incorporating graphitic nanostructures were extensively investigated for the next generation of efficient and low-cost solar
cells, since such nanomaterials show excellent electrical and mechanical properties, excellent carrier transport capabilities, and
provide an efficient pathway to the dissociated charge carriers.

Keywords: Carbon nanotubes, organic solar cells, plasmonics, tandem solar cells

Silicon-based devices have been the front runners in
bringing solar cell technology to the consumer market
(Tao 2008). However, fabrication processes are complex
and involve a number of steps that make solar panels
expensive and the energy they produce uncompetitive
compared to traditional energy sources (e.g., coal, natural
gas, hydropower, etc.). Moreover, silicon solar cells are rigid
and cannot be industrially fabricated in large sizes due to the
limitation of the silicon wafer processing technology.

These disadvantages of silicon PVs and their relative lim-
ited ability to provide cost-effective energy are some of the
reasons that have led many researchers to explore alternative
materials for solar energy generation. Some of the most
promising materials are conjugated organic moieties.
Organic photovoltaic cells are based on thin film polymers,
small molecules, or both fabricated by very simple and
cost-efficient techniques, such as spin coating, spray depo-

1. Introduction

Photovoltaics are devices focused on converting light energy
into electrical energy. In recent years, the growing demand
for clean energy resources has led to a dramatic growth in
the research, development, and manufacturing of solar cells.
Inorganic solar cells, such as conventional silicon solar cells
and heterojunction solar cells, are relatively mature technolo-
gies, and the power conversion efficiency of these devices is
approaching record limits of about 24.7% for crystalline sili-
con solar cells (Zhao et al. 2001) and greater than 42.3% for
certain multijunction solar cells (“Spire pushes solar cell rec-
ord to 42.3%” 2010) exposed to more than 400 suns. Unless
otherwise stated, all of the efficiencies mentioned in this article
have been determined under AM1.5 illumination conditions.
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sition, and printing. The inherent properties of OPV systems
(Tang 1986) allow them to be used in applications requiring
flexible and large area PV cells (Halls et al. 1995; G. Yu et al.
1995). Figure 1 highlights the mechanical flexibility of
organic cells that facilitates their usage in a multitude of
shapes and applications.
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Fig. 1. Organic cells are flexible enough to be bent and/or
rolled. Image reproduced from Brabec and Durrant (2008) with
kind permission from Cambridge University Press. (Figure
available in color online.)

Although OPVs have a low cost and are easy to fabricate
and mechanically suitable, this new generation PV system is
still under technological development. OPVs are usually cate-
gorized into small-molecule solar cells and polymer solar cells.
In spite of the fact that polymer solar cells have achieved
better conversion efficiency than small-molecule solar cells
(Kietzke 2007), until recently small-molecule solar cells are
reported to attain comparable efficiencies to polymer solar
cells as a result of rapid improvements (Sun et al. 2012).
The theoretical limit of the power conversion efficiency for
organic thin film solar cells is lower than that of inorganic solar
cells. According to Solarmer Energy Inc. (2009), a 10% power
conversion efficiency is required for the commercialization of
OPVs, and 15% power conversion efficiency is the highest
expected result. Thus, OPVs cannot compete with inorganic
solar cells in terms of power conversion efficiency, but they
can become competitive in relation to the cost, fabrication
simplicity, and novel applications (Kalowekamo and Baker
2009). In this review, the progress of organic solar cells along
with efforts to develop high-efficiency devices and low-cost
organic solar panels will be extensively discussed. Novel PV
architectures, such as tandem cells, plasmon-enhanced cells,
and the use of carbon nanomaterials with organic materials,
are the primary focus of this review.

2. Solar Cells and Their Characteristics

The most important parameters that are widely used to deter-
mine the performance of solar cells are open-circuit voltage
(Voc), short-circuit current (Isc), fill factor (FF), and power
conversion efficiency (PCE). Figure 2 shows the typical
current-voltage characteristics of a solar cell in dark and
illuminated conditions. Short-circuit current is defined as the
current produced by solar cells under illumination without
application of any external potential. Open circuit voltage is
the potential difference between two terminals of solar cells
under illumination when there is no current flowing through
the terminals. Fill factor is defined by the quotient of
maximum power (Py;) generated by the solar cell and
product of open-circuit voltage and short-circuit current.

Abdulrazzagq et al.
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Fig. 2. Typical current-voltage response of a solar cell. (Figure
available in color online.)

The power conversion efficiency, more commonly known as
the efficiency of a solar cell, is the ratio of the maximum power
generated by the solar cell to the incident radiant energy.
Some other important parameters in solar cell design and
characterization are spectral responsivity (R;) and quantum
efficiency (QE). Spectral responsivity is defined as the
quotient of the current coming out of the cell and the
incoming light beam of a given power and wavelength.
Quantum efficiency is determined by the number of
electron-hole pairs collected per incident photon.

3. Construction of OPV Devices

An organic photovoltaic device is essentially comprised of at
least four layers in addition to the transparent substrate as
shown in Figure 3. The substrate, through which the device
is to be illuminated, can be composed of glass, polyester, or

TCO

Glass

Fig. 3. A schematic diagram for a typical basic organic cell with
CNTs as an acceptor within the active layer. (Figure available in
color online.)
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many other transparent materials. Sometimes a stainless steel
substrate is used, but, in this case, the substrate is designed as
the backside of the cell (Galagan et al. 2012). The superstrate
material could be coated with a transparent conductive oxide
(TCO), such as indium tin oxide (ITO); generally, both glass
and polyethyleneteraphthalate (PET) pre-coated with ITO
are commercially available. Recent reports have suggested that
carbon nanotubes (CNTs) can be used as the transparent con-
ductive layer instead of transparent conductive oxides (Rowell
et al. 2006). The transparent layer has a dual purpose: it acts as
a transparent window layer and as an anode to collect the
photogenerated holes. It has been reported that the elements
of the anode may diffuse into the active layer and cause device
degradation due to the formation of charge trap centers (Jing
et al. 2005). To prevent this problem, a protective layer is
placed between the active layer and the anode; poly (3,4-ethy-
lenedioxythiophene) poly (styrenesulfonate) (PEDOT:PSS) is
the best option available, thus far. PEDOT:PSS acts as an
electron-blocking layer, in addition to assisting in the efficient
transportation of photogenerated holes to the anode. Also,
PEDOT:PSS serves to smooth out the surface roughness of
the ITO (Edwards 2007). The electron-blocking hole-transport
layer (HTL) is essential in bulk heterojunction devices rather
than bilayer devices. This is because in bulk devices, without
an HTL, both the donor and acceptor touch the anode and
the cathode resulting in the flow of electrons and holes to the
same electrode and causing poor device performance. Polyani-
line doped with camphorsulfonic acid has also been used as a
hole transport layer. It has been found that protonation level
of polyaniline can play an important role on the performance
of the HTL (Abdulrazzaq et al. 2013). The active layer consists
of donor and acceptor organic materials, either applied in
layer-by-layer geometry (planar or bilayer heterojunction) or
mixed together to create a blend (bulk heterojunction). Lately,
CNTs have been used as acceptors instead of organic acceptors
to create a nanocomposite active layer as will be discussed in
detail later. Light passes through the transparent electrode then
through the HTL and is absorbed in the active layer. The last
layer is the cathode which is generally aluminum, copper, or
another metal having a suitable work function that can achieve
better electron transport. Some researchers have proposed LiF
between the cathode and the active layer as a protective buffer
layer to prevent diffusion of cathode elements to the active
layer and also to act as an electron-transport, hole-blocking
layer (Jing et al. 2005). The main problem with using some
of these buffer layers is the high deposition temperature that
can potentially damage the active layer underneath. Further
studies related to the stability of the organic layers and degra-
dation due to the diffusion of cathode elements into the active
layer can be found in the literature (Jorgensen et al. 2008).

4. Carrier Transport Mechanism in the OPV

The three phenomena that occur during the operation of a
solar cell are as follows: 1) light absorption to generate electric
charge carriers, ii) charge separation, and iii) charge transport
to electrodes. The light is absorbed by a photoactive layer
generating either free charge carriers (traditional inorganic
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PV devices) or excitons (OPV devices) upon photoexcitation.
The charge carriers are collected and separated by the forma-
tion of a p-n junction between two semiconducting materials
(traditional inorganic PV devices) or a donor-acceptor
interface (organic PV devices). Finally, the charges are swept
away by metal electrodes to the outer circuitry.

The mechanism of photocurrent generation in p-n junction
solar cells is well-known and has been proven both theoreti-
cally and experimentally since the 1950s when the first
efficient silicon p-n junction solar cell was developed at Bell
laboratories (Chapin et al. 1954). Extensive investigations
on Schottky metal-semiconductor (MS) solar cells, as well
as metal-insulator-semiconductor (MIS) and metal-oxide-
semiconductor (MOS) solar cells, have been performed
(Nielsen 1980). Multijunction solar cells based on three cells
(separated by two buffer layers) are the best known solar cells
because they exhibit the highest conversion efficiency to date
(“Spire pushes solar cell record to 42.3%” 2010). A typical
example of these complex solar cells is the Ge/InGaP/
InGaAs/AlGalnP/AllnP/GaAs multijunction solar cell. In
conventional inorganic homojunction and heterojunction
solar cells, the difference in charge carrier concentration
between two intimately contacted semiconductors results in
diffusion of charges from regions of higher to lower concen-
tration. Under equilibrium conditions, a built-in potential
(V) and an internal electric field are created. The photogen-
erated current resulting from absorption of an incident
photon causes an electronic transition from the valance band
to the conduction band. This transition occurs if the photon
energy is equal to or greater than the band gap of the material.
Electrons in the conduction band and associated holes in
the valence band are approximately free because of the con-
tinuous nature of the energy band levels. In addition, the
Coulomb force between these pairs is very low, virtually lower
than the thermal energy (kT/q). The internal electric field that
arises from the built-in potential drives the photogenerated
electrons into the cathode and the photogenerated holes into
the anode. The accumulation of photogenerated carriers on
the two electrodes creates an electromotive force at the outside
circuit which is usually called Voc. The Voc in silicon p-n
junction solar cells is generally about 0.5V and can be greater
in other types of heterojunctions and Schottky junctions.

In organic devices, the light interaction with an OPV does
not create free electron-hole pairs; instead, the absorption of
the photon creates a photoexcitation pair, a so-called exci-
ton, that is bound by Coulomb attractions. In this case,
the binding energy is larger than the thermal energy. The
binding energy of the exciton in organics is around 0.25eV
(Barth and Bassler 1997), while that of thermal energy
at room temperature is 0.025eV, which is insufficient to
dissociate the exciton. Under these circumstances, exciton
dissociation requires a large internal electric field. Fortu-
nately, the internal field in organic heterojunctions is intrin-
sically high, and the record Voc of >0.7 V (Chen et al. 2009;
Vandewal et al. 2009) is higher than that of conventional
silicon p-n junction solar cells.

Organic solar cells are comprised of donor and acceptor
moieties brought into intimate contact to form a



Downloaded by [UALR Ottenheimer], [Omar Abdulrazzag] at 08:58 26 July 2013

430

donor-acceptor heterostructure. When a photon of sufficient
energy is absorbed in donor, the electron hops into the low-
est unoccupied molecular orbital (LUMO), leaving a hole in
the highest occupied molecular orbital (HOMO); hence, an
exciton will be generated. The exciton recombines unless it
is quickly dissociated. In order to dissociate the exciton,
the acceptor material has to offset the binding energy of
the exciton in the donor. The charge transfer at the interface
can only take place when the following condition is satisfied:

E41—E? > Up, (1)

where E, refers to electron affinity, and Up is the binding
energy of exciton in donor; the superscripts 4 and D stand
for acceptor and donor, respectively. If the acceptor is cho-
sen to have an eclectron affinity greater than that of the
donor, the photogenerated electron in donor will transport
to the LUMO of acceptor. If the HOMO of acceptor is lower
than the HOMO of donor, the hole in donor does not trans-
port to acceptor, and dissociation occurs as shown in
Figure 4a. Otherwise, the whole exciton could transfer to
the acceptor, and dissociation would not occur (Kietzke
2007) as shown in Figure 4b.

The probability of dissociation is increased if the potential
difference (A¢) between the LUMO of donor and the LUMO
of acceptor is increased. This case can be fulfilled by choosing
two different organic semiconductors with large offset (AE)
and, hence, large Vy,; and consequently large Voc (Fonash
1981). Theoretically, Vy,; is given by (Scharber et al. 2006):

Vii = ELumo(acceptor) — Egomo (donor), (2)

[ HOMO
Pentatens
electron electran
danor

(a)

Abdulrazzagq et al.
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Fig. 5. Contour plot of the calculated PCE where the calcula-
tions are made by neglecting the absorption at the acceptor
side Scharber et al. Design rules for donors in buck-
heterojunction solar cells-towards 10% energy-conversion
efficiency. Advanced Materials (2006) 18: 789-794. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.

while Voc is empirically given by the following equation
(Scharber et al. 2006):

Voc = Vi — 0.3. (3)
The calculated PCE depends on both the LUMO offset

and the bandgap of the donor material used. Figure 5 shows
a contour plot for the calculated efficiency as a function of

A
PVac

LUMO_i}O—
AT N

Donor

Acceptor

(b)

Fig. 4. a) Preferential staggered gap in which exciton dissociates, b) nonpreferential straddling gap in which the whole exciton is
transferred from donor to acceptor, and dissociation does not occur (Kietzke 2007). Image in Figure 4a reproduced with permission
of Alan Aspuru-Guzik and the Clean Energy Project (http://cleanenergy.harvard.edu, http://aspuru.chem.harvard.edu). Image B
reproduced from Kietzke (2007). (Figure available in color online.)



Downloaded by [UALR Ottenheimer], [Omar Abdulrazzag] at 08:58 26 July 2013

Organic Solar Cells

the LUMO and bandgap of a donor at a specific LUMO and
bandgap of an acceptor (namely LUMO=—-4.3eV and
bandgap=1.7¢V) and constant donor HOMO levels of —
5.7 and —4.8 ¢V (Scharber et al. 2006).

5. Limitations of Photocurrent in OPV

Although OPVs show acceptable PCEs, the technology has
not yet been widely commercialized. Most of the published
results have reported ~5.5% PCE for bulk heterojunction
cells (Peet et al. 2007) and slightly more than 6% PCE (under
2 suns) for tandem devices (J. Kim et al. 2007). However,
significant strides have been made in the last three years to
introduce devices with more than 7% PCE (Liang et al.
2010) and lately above 8%. There have been two NREL
certified devices that have broken the 8% PCE mark; the
Solarmer Company (2009) has achieved a device exhibiting
8.13% PCE, and Yang’s group has announced an 8.6%
PCE (Dou et al. 2012) that is the highest certified PCE for
organic solar cells to date up to our best knowledge.

Various advancements in OPV technologies have been made
to increase the PCE. The V¢ of such devices is easily heigh-
tened by choosing a large AE between the Dy ypo and Ap ymo-
Choosing a large AE to efficiently dissociate the excitons is not
in and of itself challenging, but getting the dissociated carriers
to the electrodes is difficult due to several parameters that affect
the amount of photocurrent reaching the outside circuitry. In
fact, the mobility and diffusion length of charge carriers in
organic semiconductors are very small when compared with
those of inorganic semiconductors, and this is the biggest chal-
lenge that negatively affects the photocurrent in OPVs. For
instance, the electron and hole mobilities of organic semicon-
ductors are a hundred times lower than the electron and hole
movbilities of single crystal silicon. The diffusion length of exci-
tons in organic semiconductors ranges between 10 and 40 nm
(on average) (Halls et al. 1996; Halls and Friend 1997; Kerp
et al. 1998), while the diffusion length of electrons in monocrys-
talline silicon is on the order of micrometers (Nara and
Sakaguchi 2003). The low value of diffusion length limits the
ideal thickness of the organic layer to a few tens of
nanometers (which is good from an economic standpoint),
but efficient absorption of incident light requires a thickness
of a few hundred nanometers. Luckily, the absorption of many
organic materials is intrinsically high even for low thicknesses
(Hoppe and Sariciftci 2004).

In order to overcome these shortcomings of OPVs, several
approaches are considered when designing materials and
devices: 1) increase the electrical conductivity of organic
materials by improving the crystal structure (Aziz et al.
2007), ii) create a large donor-acceptor interface to promote
the dissociation of more excitons, and iii) collect a high num-
ber of photogenerated carriers. Crystalline organic materials
exhibit better charge transport capabilities than amorphous
organic materials. Since these films are processed from sol-
ution, the crystallinity can be improved by choosing appro-
priate solvents and by thermal annealing after deposition
(Yin et al. 2007). A new study pointed out that applying
an electric field during annealing may result in more than
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25% improvement in PCE (Bagui and Iyer 2011) for some
organic cells. Several studies have revealed that the slow
evaporation of high boiling-point solvents improves organic
material structure and results in OPVs with superior photo-
voltaic characteristics (Arias et al. 2001). Other studies have
demonstrated that both crystallinity and photovoltaic per-
formance can be affected by various annealing times and
annealing temperatures (Hau et al. 2010).

6. OPYV Device Architecture

A primitive organic solar cell is generally comprised of two
intimately contacted donor and acceptor layers (the
so-called bilayer OPV heterojunction also referred to as pla-
nar OPV heterojunction) (Tang 1986). In a bilayer hetero-
junction, acceptor and donor are brought into intimate
contact by subsequent deposition of the two layers. The
bilayers are sandwiched between two electrodes to achieve
an ohmic contact to the acceptor and donor, respectively.
The electrode located on the donor side, called the cathode,
should be transparent with a high work function (ITO is one
of the best choices) (Hashimoto and Hamagaki 2006). The
other electrode (anode) with a low work function is
deposited on the acceptor side. Light penetrates the hetero-
junction through the transparent cathode.

This architecture has failed to achieve high PCE
because many generated excitons do not reach the interface
(G. Yu et al. 1995). Only those excitons that have been
generated near the junction (< ~20nm) have the chance to
dissociate. The excitons generated at greater distances from
the junction (>~20nm) recombine before reaching the
donor-acceptor interface due to the short diffusion length
and low mobility. Figure 6 depicts schematically the exciton
dissociation and/or exciton recombination in the bilayer
organic heterojunction.

Donor Acceptor

Fig. 6. Charge transfer in bilayer OPV heterojunction. Image
produced from Kietzke (2007). (Figure available in color
online.)
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The improvement in photovoltaic performance of bilayer
organic heterojunctions requires a diffusion length compara-
ble to the dimensions of the bilayer junction. The diffusion
length of organic semiconductors is very low, even for those
demonstrating high conductivity; the transport process in
organic materials is governed by hopping transport while
in inorganic semiconductors the phenomenon is described
by band transport (Kietzke 2007). Thus, solutions for signifi-
cantly increasing diffusion length are continually being
sought out. Since it is unclear how to increase the diffusion
length of organic semiconductors, the thickness of the active
layer can be decreased in such a way that it is comparable to
the diffusion length of excitons. However, in ultra-thin
layers, the low optical absorption significantly reduces the
number of photogenerated excitons. Organic bilayer hetero-
junctions are less prevalent due to the advances made in the
bulk heterojunction devices (Scharber et al. 2006). In bulk
heterojunctions design, the junction interface is large due
to the nanometer separation between donor and acceptor
domains that allows for exciton formation and dissociation
deep inside the bulk of active layer.

To fabricate bulk heterojunctions, the donor and
acceptor organic semiconductors are mixed into a solution.
The solution is deposited in the form of a thin film, and
the phase separation between donor and acceptor occurs,
which introduces nanojunctions inside the bulk. The photo-
generated exciton has an increased probability of diffusion
to a nearby interface and dissociate into an electron and
hole. The bulk heterojunction concept, shown pictorially
in Figure 7, has created broader interest in OPV research
(G. Yu et al. 1995), and the PCEs obtained from this archi-
tecture are much higher than those obtained from bilayer
heterojunctions (Peumans et al. 2003). Generally, both
small-molecule and polymer solar cells attain the highest
PCE from bulk heterojunction architecture.

TCO coated PEDOT

Aluminium
substrate ‘PSS PCBM

electrode

Charge
separation

Charge

Light transport

Lot - and diffusion

A T O
Ve N s S sennn it

—_—
External current flow

Fig. 7. Charge transfer in bulk OPV heterojunctions. Image
reproduced from Brabec and Durrant (2008) with kind per-
mission from Cambridge University Press. (Figure available in
color online.)

Abdulrazzagq et al.

7. Small-Molecule Heterojunction Solar Cells

The potential to use organic materials for solar cell tech-
nology was first observed in 1975 by Tang and Albrecht
(Tang and Albrecht 1975), but the PCE was very low. This
early prototype was a Schottky diode solar cell with chloro-
phyll-a as the semiconducting material. For almost a decade,
little progress was made in the field; in 1986, further efforts
by Tang were believed to be the first steps towards the reali-
zation of commercialized OPV technology (Tang 1986). This
new device was based on a bilayer heterojunction OPV that
consisted of copper phthalocyanine (CuPc) as the donor
layer and 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole
(PTCBI) as the acceptor layer. A PCE of 1% was recorded,
which represented a significant development. In 2003,
Peumans et al. (2003) reported a 1.5% PCE for CuPc-
PTCBI blend. Mutolo et al. (2006) reported an enhancement
in the Voc by increasing the band offset using a sub-
phthalocyanine (SubPc)/buckminsterfullerene (Cgp) bulk
heterojunction. The PCE of this structure was 2.1%. A
PCE of 3.8% was reported by Drechsel et al. (2005)
using double p-i-n architecture, and Schulze et al. (2006)
obtained a PCE of 3.4% using o,o'-bis(2,2-dicyanovinyl)-
quinquethiophene (DCV5T)/Cqy bulk heterojunction.
Small-molecule solar cells did not pass the 5% power conver-
sion efficiency in either bilayer or bulk architectures until
2012, when Sun et al. (2012) reported a breakthrough of
6.7% PCE. This bulk heterojunction device was comprised
of small molecules: the donor material was 5,5'-bis{(4-(7-
hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]
pyridine}-3,3'-di-2-ethylhexylsilylene-2,2’-bithiophene, DTS
(P TTh,), with PC7,BM as an acceptor.

8. Polymer Heterojunction Solar Cells

The unique properties of organic conducting polymers were
first discovered by Heeger, Shirakawa, and MacDiarmid in
the 1970s during work performed on polyacetylene. This dis-
covery was the genesis of an enormous amount of work in
the area of organic electronics and was finally honored with
the Nobel Prize in Chemistry in 2000 (Heeger 2001). Con-
ducting polymers, so-called synthetic metals, have an alter-
nating backbone of sp® hybridized o-bonds in addition to
the unhybridized n-bond, which gives rise to the intrinsic
conductive properties of these highly conjugated materials.
Polymer solar cells (sometimes called plastic solar cells) are
preferable to small-molecule solar cells because of their facile
processing techniques (Kietzke 2007). An ordered bulk het-
erojunction is easier to achieve in polymers than small mole-
cules due to the low entropy of mixing. If two polymers are
dissolved in the same solvent, phase separation occurs during
solvent evaporation (Kietzke 2007). Another advantage of
polymer-based OPVs is that the exciton dissociation is more
effective than that for small molecules. In reality, the
polymer-polymer blend is able to separate most of the photo-
generated excitons if the fabrication conditions are optimized.
Bilayer polymer-polymer heterojunction solar cells do not
exhibit high PCE because of the short diffusion length of the
excitons. The best results for bilayer polymer-polymer solar
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cells were reported by Alam and Jenekhe (2004) by using a
poly(benzimidazobenzophenanthroline ladder) (BBL) and
poly(1,4-phenylenevinylene) (PPV) bilayer solar cell. They
reported a PCE of 4.6% under 1mW /cm? illumination
density; unfortunately, the efficiency of this device drops to
1.5% at AM1.5 illumination density.

In 1995, Halls et al. (1995) reported the first
polymer-polymer bulk heterojunction. Their results were
poor, but their work provided the foundation for a new
generation of polymer devices. Afterward, much effort was
devoted to the development of such devices. In 2005,
a PCE of 1.7% was recognized by Kietzke et al. (2005) using
a blend of (poly[2,5-dimethoxy-1,4-phenylene-1,2-etheny-
lene-2-methoxy-5-(2-ethylhexyloxy)-(1,4-phenylene -1,2-
ethenylene)]) (M3EH-PPV) as the donor and (poly[oxa-1,4-
phenylene-1,2-(1-cyano)ethenylene-2,5-dioctyloxy-1,4-phen-
ylene-1,2-(2-cyano)ethenylene-1,4-phenylene]) (CN-PPV) as
the acceptor. Annealing was added to the fabrication process
to improve the PV characteristics.

Poly(3-hexylthiophene) (P3HT) donor-polymer and
Phenyl-Cg-butyric acid methyl ester (PCBM) acceptor-
small molecules are typically used in polymer-small molecule
architecture. In such devices, P3HT serves as a narrow-
bandgap donor and helps to improve the absorption in the
long wavelength region while PCBM serves as a wide-
bandgap acceptor and enhances absorption in the short
wavelength region. PCBM is preferred over other small
molecules due to the ease of use and its high solubility in
chloroform, chlorobenzene, dichlorobenzene, and toluene,
which are commonly used solvents for P3HT. An efficiency
of 5% has been obtained from this architecture (Ma et al.
2005). New attempts are now devoted to introducing
polymer-small-molecule solar cells from a variety of materi-
als that can cover the maximum solar spectrum (Camaioni
et al. 2005; Li et al. 2006; Muhlbacher et al. 2006;
W. Shin et al. 2006; R. Shin et al. 2007; Xia et al. 2006;
F. Zhang et al. 20006).

Although P3HT is one of the most widely used polymers
in OPVs with PCBM, there are some novel polymers that are
potential replacements for P3HT because their lower band-
gap absorbs more light and their lower HOMO level
increases the Voo of the cell (Chen et al. 2009). Poly
[4,8-bis-substituted-benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl-
alt-4-substituted-thieno[3,4-b]thiophene-2,6-diyl] (PBDTTT)
is one example of these promising materials. Another new
polymer is 5,6-difluoro-4,7-dithien-2-yl-2,1,3-benzothiadia-
zole (DTffBT) and benzo[1,2-b:4,5-b’]dithiophene (BnDT)
as the donor with PCBM as the acceptor. Recent results
showed 7.2% efficiency of these devices (Zhou et al. 2011).

9. Tandem Organic Solar Cells

The aforementioned organic solar cell architectures are lim-
ited in the spectral range they cover. Some organic cells
absorb in the short wavelength region and others absorb in
long wavelength region. To maximize the solar spectrum
absorption one should design solar cell structure that can har-
ness energy from as much of the solar spectrum as possible
and more specifically within 400-900 nm wavelength range.
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Fig. 8. a) Tandem organic solar cell: the front PV absorbs the
shorter wavelengths while the back PV absorbs the longer wave-
lengths; b) absorption range of tandem solar cells. (Figure avail-
able in color online.)

A large portion of this wavelength range is best formed using
a tandem architecture (Aziz et al. 2007) which is similar to
that depicted in Figure 8a. Tandem organic solar cells are
comprised of two subcells separated by an interlayer. It is
possible to increase the absorption spectrum by adding more
subcells in this type of architecture, but it adds to fabrication
complexity and cost. Each subcell is engineered to operate in a
different region of the solar spectrum. Figure 8b describes the
concept behind the tandem cell, where the front cell (PV1)
functions in the wavelength range of 300-600 nm and back
cell (PV2) absorbs between 450 and 750 nm.

Initial attempts to create tandem cells failed to achieve the
expected increase in PCE (Dennler et al. 2006) because they
were based on multilayer fabrication technology, where the
two subcells are stacked together without placing a buffer
layer in between them. The maximum current that can be
obtained from these multilayer devices is limited by the low-
est current produced by any one of the subcells. Placing an
interlayer between the two subcells helps to collect all of
the photocurrent produced by each subcell. In the last few
years, very encouraging results have been recorded for this
architecture (Shrotriya et al. 2006). 6% PCE was reported
by J. Kim et al. (2007) using a P3HT:PCBM subcell with
poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene  vinyl-
ene] (MEH-PPV):PCBM subcell and TiOy as a buffer layer.
Work on tandem devices has shown PCEs greater than 7%
(Brabec et al. 2010), and more recently, an 8.6% PCE has
been achieved by Yang’s group (Dou et al. 2012) pushing
OPVs closer to the 10% efficiency milestone.

10. Plasmonics in Organic Solar Cells

Since the exciton diffusion length in organic solar cells
ranges between 10 and 40 nm, the active layer must be rela-
tively ultra-thin; the thicknesses should be in the order of the
absorption length of the materials used as the active layer.
Therefore, the absorption efficiency will not be high enough,
while considerably high PCE requires high absorption
efficiency. To augment the absorption of incident light in
active layer without increasing its thickness, plasmonic
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Fig. 9. Surface texturing of silicon wafer. Image reproduced
from Yu et al. (2010) with permission from PNAS.

materials and structures can be exploited, which can trap the
light inside the active layer. With the aid of this technique,
the opportunity for photon absorption can be increased even
for ultra-thin layers (Ferry et al. 2010).

The plasmonic phenomenon or light-trapping structure
was first developed in 1981 by Goetzberger (Goetzberger
et al. 1981). The initial work began on bulk silicon by textur-
ing the silicon surface into a ‘“‘roughened” pyramid-like
structure (Atwater and Polman 2010) as shown in Figure 9.

Such a structure helps confining the light inside the bulk
silicon. The refractive index of silicon is relatively high
(~3.5) which makes the light scatter preferentially into the
silicon side and concomitantly increases the optical path of
light inside the silicon. This results in several folds increase
in light absorption in a silicon wafer (Z. Yu et al. 2010). Sur-
face texturing is not amenable to thin film technologies
because the carrier generation in thin films occurs very close
to the surface while the texturing acts as a trap for the
photogenerated carriers (Catchpole and Polman 2008).
Moreover, the surface roughness would exceed the film
thickness; therefore, surface texturing is not an option in
thin film solar cells. To increase the light absorption in thin
film solar cells, three routes have been adopted: a) embed-
ding nanoparticles on the surface of the solar cells, b) putting
nanoparticles inside the active layer; and c) grating the back
contact from the side of the active layer. These three exam-
ples of plasmonics are illustrated in Figure 10 and summar-
ized in the following paragraphs.

In the first example (Figure 10a), small nanoparticles (pref-
erably spheres less than 100nm in diameter) are halfway

1111

VUV :
SRR
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Fig. 10. Light trapping used in thin film solar cells. Reprinted by
permission from Macmillan Publishers Ltd.: Atwater, H. A.,
and Polman, A. (2010). Plasmonics for improved photovoltaic
devices. Nature Materials 9: 205-213. (Figure available in color
online.)
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embedded in the surface of the semiconductor. In cell struc-
tures harvesting wavelengths from 500 to 800 nm, light trap-
ping of 85% has been obtained (Atwater and Polman 2010).
In this design, light is scattered into the material with higher
permittivity, which in this case is the thin film semiconductor
because the other medium is air. Scattering leads to an increase
in the optical path length of light inside the semiconductor
thereby increasing overall absorption. The shape and size of
the nanoparticles greatly affect the angular spread as seen in
Figure 11. In a well-designed plasmonic solar cell, thickness
can be decreased up to one hundred-fold while maintaining
similar absorption characteristics (Atwater and Polman 2010).

The second example (Figure 10b) utilizing plasmonics is
based on the fact that the dielectric difference between the
host semiconductor and the implanted metallic nanoparti-
cles is significantly higher, resulting in a plasmon mode

0.8 ?;?"_
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Fig. 11. Sensitivity of plasmon light scattering to nanoparticles’
shape and size. Reprinted by permission from Macmillan Pub-
lishers Ltd.: Atwater, H. A., and Polman, A. (2010). Plasmonics
for improved photovoltaic devices. Nature Materials 9: 205-213.
(Figure available in color online.)
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formation around the nanoparticle. These plasmons create a
strong electric field around the nanoparticle and enhance the
absorption in the region contiguous to it. This technique is
very useful for OPV because in OPV the diffusion length is
short. Thus, the placement of nanoparticles is most ben-
eficial when placed close to the junction (S. Kim et al.
2009). Another factor is that the absorbed light should have
a high absorption rate; otherwise, the oscillated plasmons
will decay, and the energy will be dispersed (Atwater and
Polman 2010). This condition is suitable for OPVs because
the materials used have high absorption rate. Figure 12
illustrates the intensity of the near-field close to the
nanoparticle surface.

In the third geometry (Figure 10c), the back grated contact
can couple the light into a surface plasmon polariton (SPP)
mode in which the light will scatter 90° and propagate along
the semiconductor adjacent to the metal-semiconductor
interface (Atwater and Polman 2010), resulting in an
increased chance of light absorption. In the last few years,
a good deal of work has been performed to add plasmonic
structures to OPVs with the goal of increasing the PCE
(Pan and Rothberg 2007). PCEs as high as 5.7% have been
demonstrated using this structure (Xue et al. 2004).

Table 1 shows some of the reported efficiencies in various
types of organic solar cells. The table demonstrates the
development in PCE of OPVs during almost the last four
decades. An increase in the PCE of OPVs from 0.001% in
1975 (where the first OPV cell brought to light) to 8.6% in
2012 has been achieved.

11. Carbon Nanotube/Polymer Nanocomposites

While many efforts are currently being pursued in the realm
of donor polymer engineering, the acceptor material must
also be improved. In the photoactive layer, the conducting

y position (nm)

-50 0 50
x position (nm)

Fig. 12. The enhancement of the near-field close to the nanoparti-
cle surface. Reprinted by permission from Macmillan Publishers
Ltd.: Atwater, H. A., and Polman, A. (2010). Plasmonics for
improved photovoltaic devices. Nature Materials 9: 205-213.
(Figure available in color online.)
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polymer contributes to the photoconduction process and
acts as the exciton generation center, but carbon nanotubes,
a carbon allotrope similar to fullerenes, are also reported
to contribute to photoconduction (Freitag et al. 2003).
Figure 13a shows a TEM image of multi-walled carbon
nanotubes (MWCNTs).

The discovery of CNTs by Ijima (1991) generated great
interest in exploring the properties of CNTs and their applica-
tions. It was found that the incorporation of CNTs into
organic conducting polymers could improve the performance
of the polymer PV cell (Kymakis and Amaratunga 2002). The
research continues to improve the performance (i.e., open
circuit voltage, short circuit current, and efficiency) of the
CNT-conducting polymer composite PV cell.

CNTs can be applied to two important aspects of OPV
devices: as a transparent conductive layer to replace ITO
(Lagemaat et al. 2006) and in the active layer as a composite
with conductive polymers. When used as a composite
material in active layers, CNTs can enhance device efficiency
by several orders of magnitude (Kymakis and Amaratunga
2002). When light is shone on an OPV, excitons generated
in the conducting polymer diffuse through the polymer to
reach the CNT /conducting polymer junction. The latter acts
as an exciton dissociation center, and the electrons and holes
are transported to the electrodes through CNTs and the con-
ducting polymer, respectively. Even though CNTs improve
the characteristics of OPVs, the power conversion efficiency
of the CNT/conducting polymer PV cell is still low com-
pared to that of the inorganic PV cell. The reason for this
low efficiency is that most of the excitons generated in the
conducting polymer recombine before reaching the CNT/
conducting polymer junction due to their small diffusion
lengths. Reducing the recombination rate of electrons and
holes can increase the efficiency of this PV cell, which is
accomplished by depositing a very thin (on the order of a
few hundred nanometers), uniformly dispersed CNT/con-
ducting polymer photoactive layer. The CNTs used should
be highly crystalline and free from metal impurities to pre-
vent the formation of charge traps in the photoactive layer.
For optimal performance of a PV cell, the CNTs should be
uniformly dispersed in the polymer, and it has been found
that the polymer chains wrap around the walls of CNTs cre-
ating heterojunction along the wall of CNTs (Motta et al.
2005). This is necessary for efficient charge dissociation at
the CNT/polymer junction because of the low exciton dif-
fusion length. Another advantage of well-dispersed CNTs
is the formation of percolation paths by CNTs through the
composite, which improves the electron transportation and
reduces the recombination rate of charges in the active layer.
Saini et al. (2009) has shown that the incorporation
of MWCNTs in P3HT matrix can drastically improve the
structural, morphological, thermal, optical, and electrical
properties of P3HT. Moreover, Petre et al. (2010) demon-
strated that the presence of MWCNTs in P3HT can influ-
ence the dielectric behavior of P3HT polymer, in addition
to the increase in crystallization and melting temperatures.

CNTs, especially single-walled carbon nanotubes (SWNTSs),
show great potential for use in solar cell applications due to
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Table 1. Power conversion efficiency of some organic cell
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PCE

Cell Type Architecture  Year (%) Reference

Al/chlorophyll-a/Hg Metal/small Bilayer 1975 0.001 (Tang and Albrecht 1975)
molecule/
metal

pentacene/C60 Small Bilayer 2009 1.6  (Pandey and Nunzi 2006)
molecule/
small
molecule

SubPc/C60 Small Bilayer 2006 2.1 (Mutolo et al. 2006)
molecule/
small
molecule

M3EH-PPV/CN-ether-PPV Polymer/ Bilayer 2006 1.3  (Kietzke et al. 2006)
polymer

MDMO-PPV:PCBM Polymer/small  Blend 2001 2.5  (Shaheen et al. 2001)
molecule

P3HT:PCBM Polymer/small  Blend 2005 3 (Y. Kim et al. 2005)
molecule

P3HT:PCBM Polymer/small  Blend 2007 4.3  (Wang et al. 2007)
molecule

PBDTTT:PCBM Polymer/small  Blend 2009 6.77 (Chen et al. 2009)
molecule

PBnDT-DT{fBT:PCBM Polymer/small Ternary blend 2011 7.2 (Zhou et al. 2011)
molecule

P3HT:PCBM-PCBTTE" Polymer/small  Ternary blend 2012 4.37 (Laiet al. 2012)
molecule

PTB7:PC;,BM Polymer/small  Blend 2010 7.4  (Liang et al. 2010)
molecule

CuPc/PCBM//P3HT:PTCBI Tandem Bilayer//blend ~ 2008 2.79 (C. Zhang et al. 2008)

F4-ZnPc:Cgy’//DCV6 T Cg Tandem Blend//blend 2011 4.9  (Meiss et al. 2011)

CuPc/CuPc:Cyo/Ceo//Ag// Plasmonic Hybrid?//hybrid 2004 5.7  (Xue et al. 2004)

CuPc/CuPc:Cgy/Coo tandem
ZnO/P3HT:ICBA°/PEDOT:PSS//ZnO/ Inverted Blend//blend 2012 8.62 (Dou et al. 2012)
PBDTT-DPP/:PC;;BM /Mo00;/Ag tandem

“PCBTTE is [6,6]-phenyl-C61-butyricacid2-(2',2":5"”,2"'-terthiophene-5'-yl)ethylester.

bF4-ZnPc:C60 is fluorinated ZnPc.

‘DCV6T is a,w-bis-(dicyanovinyl-sexithiophene)-Bu(1,2,5,6).

“Hybrid in this context is a cell comprised of planner and bulk architectures.

“ICgoBA 1is indene-Cg, bisadduct.

PBDTT-DPP is poly{2,6'-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithiophene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4-dione}.

their unique electrical, optical, mechanical, and structural
properties. There are several reasons for using SWNTSs in a
polymer composite PV cell:

1. The high surface area (~1600m?/g) of SWNTs (Cinke
et al. 2002) provides the opportunity to form numerous
heterojunctions between CNTs and the polymer. Since it
has been observed that the polymer wraps itself over the
CNT surface, exciton dissociation is thought to increase. e

2. The SWNTs have diameters of ~1 nm and lengths in micro- (@) (b)
meters; therefore, they exhibit a very high aspect ratio (>10?). Fig. 13. a) TEM image of a MWCNT of about 20nm in

3. Inefﬁcient charge transfer is the' main pro‘plem with con- diainete.r (inset: schematic representation of a MWCNT); b)
ducting polymer PV .CCHS. The lncqrporatlon of SWN_TS SEM image of graphene sheets under x30000 magnification
at low levels establishes percolation pathways, which  (inset: structural representation of a single graphene sheet).
enhances the carrier mobility. (Figure available in color online.)
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4. The diffusion length of excitons in conducting polymers is
low; therefore, a percolation network is necessary in a
polymer composite, which is provided by electron-
acceptor dopants like SWNTs.

5. The electrical conductivity of a SWNT-conducting poly-
mer composite increases by a factor of 10° from 0.1 to
0.2% w/w loading (Biercuk et al. 2002).

6. SWNTs provide mechanical strength to the SWNT-
conducting polymer composite thin film PV cell. The ten-
sile strength of a SWNT is ~20GPa and the Young’s
Modulus is ~1 GPa (F. Li et al. 2000).

7. SWNTs provide thermal management for the SWNT-
conducting polymer composite PV cell. The thermal
conductivity of SWNTs (10,10) has been calculated theo-
retically to be 6600 W/mK (Berber et al. 2000). A 1%
w/w SWNT-doped conducting polymer composite
showed a 70% increase in thermal conductivity at 40 K
over pristine polymer (Cinke et al. 2002).

12. Carbon Nanotube/Polymer Bulk Heterojunction
Solar Cells

Kymakis et al. (Kymakis and Amaratunga 2002; Kymakis
et al. 2003; Bhattacharyya et al. 2004; Kymakis and
Amaratunga 2005) conducted an in-depth study of the
CNT/conducting polymer PV cell and explained its operat-
ing mechanism. In a pristine polymer PV cell, the construc-
tion is composed of ITO/pristine polymer/Al layers. The
open circuit voltage in a pristine polymer PV cell is described
by the metal-insulator-metal (MIM) model (Tang 1986). In
the MIM model, the upper limit of the Vg is the work func-
tion difference between the two metal electrodes, that is, ITO
~4.7eV and Al ~4.3 eV, which agrees with the measured Voc
of 0.35V. It has been reported that the MIM model is not
valid for the CNT/polymer PV cell because this PV cell uses
a very thin pristine polymer buffer layer between the ITO and
CNT/polymer composite. This thin buffer layer prevents
ohmic contact between the ITO and CNT/conducting poly-
mer composite. As a result, because of the ohmic contact
between CNT and Al, the maximum Vgc of a CNT/polymer
PV cell is given by the work function difference of the ITO
and CNT layer (Kymakis and Amaratunga 2002). Lately, it
was projected that, because the CNTs make an ohmic contact
with the metal electrode, the highest V¢ that can be achieved
is the difference of the HOMO of the conducting polymer
and the work function of the CNT with an assumption that
all CNTs in the composite are metallic (Bhattacharyya et al.
2004). In addition, it has been stated that the Igc is linearly
dependent upon the intensity of incident light whereas the
Voc is entirely independent. Because of this, the fill factor
has been shown to decrease with an increase in the intensity
of the incident light. The Voc measured from two different
CNT /polymer PV cell devices will likely not be similar. This
is due to several reasons. The first is based on the approach of
estimating the Vo where the work function of ITO depends
on the manufacturing conditions and environment
(Sugiyama et al. 2000). The published values of the ITO work
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function vary from 4.1 to 5.5eV (Park et al. 1996). Another
reason which is based on both of the above approaches in
estimating the Vg, is that the work function of CNTs is
dependent on their diameter, chirality, and type. The work
function of SWNTs ranges from 3.4 to 4.0eV, whereas, for
MWNTs, it ranges from 4.6 to 5.1eV (Groning et al. 2000).

A variety of Voc, Isc, FF, and PCE values have been
reported for OPVs based on CNTs. Kymakis and
Amaratunga (2002) constructed an ITO/PEDOT:PSS/
P30T-SWNTs/Al photovoltaic cell with 1% w/w SWNTs
(where P30T is poly(3-octylthiophene)), which shows an
Isc of 0.25mA/ecm?, Voc of 0.75V, FF of 0.48 and PCE
of 0.1%; on the other hand, a PV cell containing only pristine
P30T shows Igc of 0.7 uA/cmz, Voc of 0.35V and FF of
0.3. The improved properties are due to several reasons.
The conducting polymer-nanotube junctions act as
dissociation centers where excitons dissociate into free
electrons and holes. In addition, SWNTs provide perco-
lation pathways for the electrons to reach the Al metal elec-
trode. Both P30T and SWNTs provide electrical transport
paths for the charge carriers.

The performance of ITO/P3OT-SWNT/AIl and ITO/
P3OT-SWNT + NPM (N-(1-pyrenyl)maleimide)/Al photo-
voltaic cells have also been studied and compared by
Kymakis and Amaratunga (2002). Here, the SWNTs were
functionalized with NPM, which attaches to the surface of
SWNT by n-stacking. The non-contribution of SWNTSs to
photogeneration is overcome by incorporating this dye at
the conducting polymer/nanotube junction. For ITO/
P30OT-SWNT + NPM /Al PV cells, the Isc, Voc, FF, and
PCE are 0.18 mA /cm?, 0.6 V, 0.35 and 0.036%, respectively.
Whereas, for ITO/P30T-SWNT/AI PV cells, the Isc, Voc,
FF, and PCE are 5.5uA /cm?, 0.5V, 0.28, and 7.5 x 10~*%,
The Voc measured by this structure is greater than that
obtained from the pristine conducting polymer PV cell. In
the pristine conducting polymer PV cell, the Voc is charac-
terized by the work function difference between the two
metal electrodes, that is, ITO (4.7¢eV) and Al (4.3 eV), which
is 0.4 V. The difference in the Vo of these PV cells lies in
their construction. A thin pristine P3OT layer is placed
between the ITO and P30OT/SWNT composite active layer
that hinders the short circuit between the metal electrodes
provided by SWNT percolation pathways. In P3OT/SWNT
composite PV cells, the maximum V¢ is the difference
between the work function of SWNT (4.6eV) (Zhao et al.
2002) and the HOMO energy level of P3OT (5.25¢V)
(Yoshino et al. 1998): 0.65¢V. Because the work function
of SWNTs varies with chirality, type (metal or semiconduc-
tor), and diameter (Okazaki et al. 2003), the Vo is likely to
vary from device to device.

Landi et al. (2005) constructed an ITO/P30T/
SWNT-P30OT/Al PV cell, and the I-V characteristics were
studied under simulated AMO illumination. The Isc was
shown to increase one order of magnitude for 0.1% w/w
SWNT-P3OT device when compared with pristine polymer
device. A further 50% improvement was observed when
the doping concentration of SWNTs was increased from
0.1% w/w to 1.0% w/w in the polymer composite; an open
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circuit voltage, Voc, of 0.98V and a short circuit current,
Isc, of 0.12mA/cm? for a 1.0% w/w SWNT-P30T com-
posite was measured. By incorporating SWNTs, the electri-
cal conductivity also increased (Landi et al. 2002), which
improved the carrier transport and eventually the Igc. In
addition, the high Vo was attributed to the purity and
defect density of SWNTs. It has also been proposed that
the SWNT-P3OT PV cell performance can be improved by
the attachment of semiconductor nanoparticle (e.g., CdSe)
quantum dots (QDs) to SWNTs (Haremza et al. 2002),
which enhances the charge separation and carrier transport.
The semiconducting QDs provide an intermediate band to
match the energy bands between the conducting polymer
and CNTs. The biggest hurdle in this approach is the wide
range of band gaps and electron affinities available for most
of the polymers, QDs, and CNTs. The wide range of band
gap is due to the size-dependent, electro-optical properties
of nanoscale materials, variations in the CNTSs’ chirality
and purity, variations in the defect densities of both CNTs
and QDs, and variations in polymers that arise based on
their processing conditions (Raffaelle et al. 2005).

A study of nanotube/conducting polymer composite PV
cells reported a high Voc (1.81V) and greatly improved
efficiency (1.41%) (Patyk et al. 2007). The reason for this
enhancement in Voc and efficiency is the modification in
the construction of the SWNT/conducting polymer com-
posite PV cell: expensive ITO is replaced by cheaper
fluorine-doped tin-oxide (FTO); a polybithiophene (PBT)
layer is introduced between the CNT/conducting polymer
composite active layer and transparent electrode (FTO);
the SWNTs are modified with 2-(2-tienyl)ethanol to form
SWNT-TIOPH; and a Ca/Al electrode is used.

Apart from the research described above, researchers and
scientists are exploring a variety of new ways to harvest the
solar spectrum using CNT/conducting polymer PV cells.
The material selection ranges from poly(alkylthiophenes)
(including P3HT, P30T, etc.), PEDOT:PSS to MEH-PPV.
In addition, only SWNTs have been used in these PV cells,
there is still room for research with double-walled carbon
nanotubes (DWNTs) and multi-walled carbon nanotubes
(MWNTs).

The Voc model for the CNT/polymer PV cell is different
from the organic polymer PV cell. In the CNT/polymer PV
cell, the Vo is the work function difference of the CNT and
the HOMO level of the polymer. In addition, the best
efficiency is achieved by using 1% w/w SWNTs in the poly-
mer composite. This efficiency can be enhanced by attach-
ment of QDs to the walls of CNTs. A review of the
literature shows that there is a plethora of undiscovered
potential in the CNT /conducting polymer PV cell.

13. Graphene/Polymer Bulk Heterojunction
Solar Cells

Graphene is a sheet of honeycombed carbon atoms of single
atom thickness. A schematic image of a graphene sheet is
shown in Figure 13b. Graphene possesses remarkable photo-
nic properties, such as high transparency and a wide absorp-
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tion spectral range, as well as outstanding electronic and
mechanical properties (Neto et al. 2009). As a result, exten-
sive interest has developed in applying graphene to optoelec-
tronic devices. The two-dimensionality and structural
flatness make graphene sheets ideal candidates for thin-film
devices. Despite their high aspect ratio, the cylindrical nature
of CNTs prevents the formation of an ultra-wide interfacial
area; thus, a nanocomposite of P30T /graphene has been
suggested by Liu et al. (2008) as an alternative. This has been
the motivation for several publications about P30T/
graphene and P3HT/graphene nanocomposites (Liu et al.
2008; Q. Liu et al. 2009; Chang et al. 2010; Yang et al.
2010; Yu et al. 2010; Potts et al. 2011; Saini et al. 2012).
Since the incorporation of graphene in conducting polymers
results in a nanocomposite with a large interfacial surface
area, the amount of graphene can be reduced by comparison
with the nanotube concentration required for the CNT/
polymer composites. Moreover, graphene has higher
mobility and conductivity than CNTs and may function bet-
ter as an electron acceptor. It has also been reported that
graphene is more easily dispersed within the P3HT matrix
compared to CNTs (Chang et al. 2010). Preliminary studies
of graphene/polymer cells have produced encouraging
results and higher PCE than those recorded for CNTs/poly-
mer cells. Liu et al. (2008) have reported a 1.4% PCE for the
architecture ITO/PEDOT:PSS/P30T:graphene/LiF /Al

14. Carbon Nanotubes as Active Material
in Hybrid Solar Cells

Carbon allotropes possessing diverse properties allow
carbonaceous materials to be touted for use in a variety of
applications. Carbon is found in various elemental forms,
such as diamond, graphite, graphene, fullerenes, and CNTs.
All of these forms of carbon exhibit a rich variety of
electronic and physical properties: Diamond is insulating
(Robertson 2002), graphite and graphene are either metallic
or semi-metallic (Novoselov et al. 2004; Geim and
Novoselov 2007), fullerenes (e.g., Cgg) are semiconducting
(Kroto et al. 1985; Hirsch and Brettreich 2005), and CNTs
show metallic and semiconducting behavior depending upon
chirality (Saito et al. 1998; Baughman et al. 2002; Lai et al.
2012) and the tube diameter/number. Empirically, the CNT
bandgap is related to its diameter according to the following
(Jia et al. 2008):
7.98

Eg=—4 (4)
where d is the tube diameter in angstroms. In addition to
their unique electronic properties, these different carbon
forms also show some interesting optical, physical, and
chemical properties.

Since the discovery and research development in organic
solar cells, C¢o and its derivatives have become one of the
most widely used electron acceptor material in polymer /full-
erene composites. A p-n junction is the basis of most solar
cells for photocurrent generation (except for non p-n junc-
tion excitonic donor-acceptor organic solar cells). The
acid-purified CNTs have been shown to have p-type
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behavior (Diirkop et al. 2004). The MWNTs/n-Si hetero-
junction has been demonstrated to have a rectifying
current-voltage behavior (Hu et al. 1999), and, recently,
double-walled carbon nanotubes (DWNTSs) have also
demonstrated a photovoltaic effect by forming numerous
heterojunctions with n-type silicon (Wei et al. 2007).
SWCNTs and boron-doped SWCNTSs have been used as
active layers on silicon to fabricate low-cost p-SWCNTs/
n-Si heterojunction solar cells (Li et al. 2009; Li et al.
2008; Saini et al. 2011). Bourdo et al. (2010) has proven
that polyaniline (PANI) doped with tanninsulfonic acid
can function as a heterojunction materials for PANI/n-Si
solar cells. SWCNTSs can also be used as a charge collector
mat on top of PANI/n-Si heterojunction solar cells. The
presence of SWCNTs is reported to double the power con-
version efficiency (Bourdo et al. 2012). Recent attempts have
been made to produce n-type SWCNTs by polymer functio-
nalization, which has led to the fabrication of n-SWCNTs/
p-Si heterojunctions (Li et al. 2010). CNTs are also of great
interest in solar cell applications because of their unique
properties: high aspect ratio, semiconducting or metallic,
high carrier density and mobilities, reduced carrier transport
scattering, the presence of wide range of direct bandgaps
matching the solar spectrum and strong photo absorption
ranging from infrared to ultraviolet region, which are essen-
tial for photovoltaics. Furthermore, a single carbon nano-
tube can have multiple bandgaps which increases the light
absorption.

15. Conclusions

After more than 25 years of research and development,
organic solar cells are now a substantially improved tech-
nology. These improvements have resulted in an increase
in the PCE of OPVs from 0.001% in 1975 (when the first
OPV cell was described) to 8.6% in 2012. As PCE increases,
OPV research and technology will attract an army of
researchers, resulting in cost reduction and could lead to
replacement of inorganic PVs by OPVs in many cases. Since
markets demand that an efficiency of 10% or higher is neces-
sary for commercial viability, the research efforts into OPVs
continues in earnest.

The three major advantages of using organic materials
are: a) the expected high-efficiency per unit cost ratio, b)
the simplicity in fabrication and processing, and ¢) the mech-
anical flexibility of these materials. These advantages spur
intensive research to overcome the shortcomings of OPVs.
The limitations with respect to OPV efficiency stem from
the short diffusion length and from low absorption of the
active layer. Using a tandem architecture incorporated with
plasmons can extend the absorption range to the entire solar
spectrum and enhance the absorption while keeping active
layer thickness relatively thin. CNTs and graphene have
been studied for replacement of fullerenes (electron accep-
tors) and/or transparent electrodes and organic cells made
from CNTs/polymer nanocomposites are expected to be at
the forefront of the next generation of solar cell materials.
These are just some examples of promising configurations
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that will enable organic solar cells to be economically com-
petitive with conventional inorganic solar cells and perhaps
replace them in the future.
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