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Abstract: The various device structures used in organic polymer solar cells are reviewed. The operating principles
behind these devices are explained in order to provide the reasoning behind the different structures. The incorporation
of nanostructures into both bilayer and bulk heterojunction devices to improve exciton separation, charge transport, and
light absorption is discussed. Novel ideas such as electrospun fibers and supramolecules are also covered. Finally, the

impact of these structures on overall efficiency is evaluated.
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1. Introduction

Although crystalline silicon solar cells (c-Si) dominate the market [1] and the cost of these devices is declining
[2], they continue to have limitations. They still have a relatively high energy cost due to the high temperature
processing required to make them [3]. Similarly, very high efficiencies (44.7%) have been achieved with
concentrating ITI-V semiconductor tandem cells (http://www.ise.fraunhofer.de), but as one might expect, these
are very expensive devices [4].

Over the past 25 years, a number of new materials, primarily organic in nature, have emerged with
the potential to provide both lower manufacturing cost (dollars) and lower energy cost cells because they can
be fabricated using a variety of solution-based processing techniques [5,6] The organic devices have achieved
maximum efficiencies of nearly 11% [7]. Unlike traditional semiconductor solar cells, light absorption in organic
semiconductors results in the formation of a Frenkel exciton [8]. In order to separate the excitons into their
constituent electrons and holes, these devices rely on an interface between materials with different electron
affinities [9]. Therefore, the efficiency of organic solar cells depends heavily not only on the materials used, but
also on the device structure. In this paper, the different architectures that have been employed in an attempt

to raise the efficiency of organic solar cells are reviewed.

2. Operating principles

As outlined above, organic solar cells operate differently from devices made from silicon and other semiconductor
materials. The very first organic solar cells consisted of a single layer of evaporated organic material between
2 metal electrodes (so called homojunctions) [10-15]. Although these devices functioned as photodiodes, their
efficiencies were extremely low (~1075%) [11] because they did not have a second material to help separate

the excitons.
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The first 2-component organic photovoltaic cells were reported during the 1980s [16]. The devices
consisted of thin films of 2 different materials in a bilayer configuration (Figure 1) and showed that at the
interface between 2 materials with different electron affinities charge transfer is energetically favorable. This
discovery led to the development of bilayer heterojunction polymer solar cells consisting of distinct electron
donor and acceptor layers. However, these early devices were still limited in efficiency to approximately 1% [17].
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Figure 1. Operational steps in an organic solar cell (bilayer structure shown).

This relatively low efficiency can be understood when one begins to understand the operating principles
of organic solar cells. In order to increase the efficiency of organic devices, it is necessary to have some

understanding of their operating principles as shown in Figure 1 and outlined below.

2.1. Light absorption and charge generation

In organic solar cells structures, absorption of light typically occurs in the organic material (a dye or polymer).
Photons excite electrons from the HOMO level to the LUMO level, resulting in the formation of mobile excited

states consisting of tightly bound electron-hole pairs known as Frenkel excitons [8].

2.2. Exciton diffusion and separation

Unlike traditional semiconductors, where the light directly generates free electrons and holes, the electrons and
holes in organic materials must be extracted from the excitons. This happens when the excitons diffuse to
the interface between 2 materials with different electron affinities [18]. The excitons must reach the interface
before recombining. This means that the dimensions of the device structure must be comparable to the exciton
diffusion length.

2.3. Charge carrier transport and collection at the electrodes

After separating into distinct electrons and holes at the interface, these charge carriers must be swept (holes
and electrons in opposite directions) to the electrodes in order to leave the device. The movement of the carriers

depends on the mobility and the continuity of the solar cell materials. If there are any breaks in the material,
it will obviously interfere with the movement of the carriers to the electrodes.
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3. Polymer cells
3.1. Bilayer heterojunctions

The synthesis of semiconducting organic polymers in the late 1970s [19] led to the development of a variety of
new flexible electronic devices, including photovoltaics. Building on the idea of 2-component bilayer solar cells
described above, the use of soluble semiconducting polymers to fabricate solar cells began in the early 1990s [20]
Sariciftci et al. built a device using poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene vinylene] [MEH-PPV]
and Cgg. They began by spin-coating the MEH-PPV onto a glass substrate coated with ITO. The fullerenes
were then evaporated on top of the MEH-PPV to form a p-n heterojunction. Although these devices had low
power conversion efficiencies (only 0.02%) when illuminated with a laser at 514.5 nm, they were the first to use
Cgo, which has become the most commonly used acceptor material.

The low efficiencies in these devices demonstrated the weakness of the bilayer design. The interface
between the donor polymer (MEH-PPV) and the accepter material (Cgo) is relatively flat and therefore the
interfacial surface area is quite low. This leads to a narrow-width diffusion region along the interface. Only the
light absorbed within the diffusion region will generate an exciton that has an opportunity to separate before

recombining and therefore the charge generation in these devices is quite low.

3.2. Bulk heterojunction

The bilayer heterojunction is limited by a small interfacial surface area and therefore, in 1995, 2 groups [21,22]
introduced interpenetrating networks of donors and acceptors in what has come to be known as a bulk (or
dispersed) heterojunction. In these devices, the electron acceptors (e.g., Cgg) are blended into the electron
donor (e.g., the polymer) to form a composite (Figure 2). This results in a high interfacial area throughout.
This means that regardless of where a photon is absorbed in the donor (polymer), the excitons will always be

generated within one exciton diffusion length of an interface. This leads to much improved exciton dissociation.
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Figure 2. Bulk heterojunction solar cell with high interfacial surface area.

In order to create bulk-heterojunction devices with high interfacial surface areas, Halls et al. [21] blended
2 polymers: MEH-PPV and CN-PPV, while Yu et al. [22] blended MEH-PPV and PCBM (a soluble form of
Cep). PCBM is now the acceptor of choice in bulk-heterojunction devices. Following on the success of these
first bulk heterojunction devices, most devices today are fabricated in this way because of improved charge
separation. However, bulk devices still suffer from a problem related to the fact that the electron acceptor
material is distributed throughout the layer. Because the acceptor material is discontinuous, conduction takes
place by hopping. When the electron hops between acceptor molecules, it often must enter the polymer, where
it is subject to recombination.
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4. Device structures
Over the past 20 years or so, much effort has been expended to increase efficiency of organic photovoltaics
by overcoming the small interfacial area of bilayer heterojunctions and the discontinuous nature of the bulk

heterojunction. Some of the strategies that have been incorporated are outlined below.

4.1. Bilayer heterojunctions

In bilayer heterojunctions, the emphasis has been on increasing the interfacial surface area.

4.1.1. Thermal diffusion

Performance of the first class of bilayer devices incorporating Cgo was limited by the small interfacial area. In
order to overcome this problem, Drees et al. introduced ”thermally controlled interdiffusion” [23]. They began
by depositing 90 nm MEH-PPYV via spin coating followed by sublimation of a 100-nm layer of Cgp on top.
The Cgo and the MEH-PPV were then interfused by placing the device on a hot plate in an inert atmosphere.
This caused the Cgg to diffuse by tens of nanometers into the polymer [24]. The effect is similar to that found
in a blended heterojunction in that the Cgy is now more greatly dispersed throughout the polymer. Excitons
generated throughout the polymer now have a smaller distance to travel to reach a material interface and
separate. The efficiency (0.30%) [24] under monochromatic illumination showed an order of magnitude increase
over that reported by Sariciftci et al. (0.02%) [20].

4.1.2. Nanocrystalline TiO»

At approximately the same time that polymer solar cells were being developed, the dye sensitized solar cell
(DSSC) was also first reported [25]. Using nanocrystalline titanium dioxide (TiO3) as the electron acceptor.
[26], these devices showed remarkably high initial efficiencies (~7%). Although the DSSC devices required
the use of a liquid electrolyte that made commercialization somewhat difficult, the porous nature of the TiO,
made it a natural choice as the electron acceptor in a polymer solar cell because the surface area is 3 orders of

magnitude greater than a comparable flat surface, leading to enhanced exciton separation (Figure 3).
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Figure 3. Bilayer organic solar cell incorporating porous nanocrystalline TiO o as the electron acceptor leading to higher

interfacial surface area.

The first polymer-TiO2 device was reported in 1998 by Savenije et al [27]. Using MEH-PPV and TiO4
on an ITO-coated substrate, they achieved a power conversion efficiency of 0.15% under AM1.5 illumination. In
spite of the promise shown in these initial devices, the potential advantages of TiO, and the use a broad array
of different polymers and deposition methods by numerous groups [28-34], the efficiencies of polymer solar cells

based on TiO4 have never exceeded 1%.
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4.1.3. Nanorods and nanotubes

Metal oxides can be grown into vertically aligned nanostructures (Figure 4). This has the advantage of allowing
the donor—acceptor interfacial area to be optimized while also providing efficient conduction pathways [35].
Building on the use of nanocrystalline TiO5, Mor et al. fabricated organic—inorganic hybrid solar cells using
TiO2 nanotubes with a poly(3-helylthiophene) P3HT/C7; blend and achieved an efficiency of 4.1% [36].
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Figure 4. Bilayer organic solar cell incorporating vertically aligned nanostructures.

Other materials have been grown as nanorods as well to form hybrid bilayer heterojunctions. For example,
zinc oxide (ZnO) nanorods can be readily grown using wet chemistry techniques and have yielded efficiencies
(n 22 0.20%) [37] comparable to those achieved with nanocrysatalline TiOo with a maximum power conversion
efficiency of 0.76% [38]. In addition to the commonly used hydrothermal methods, other methods of growing

ZnO nanorods have been utilized including vapor phase transport deposition [39].

4.2. Bulk heterojunctions

In bulk heterojunctions, the emphasis has been on creating continuous charge carrier pathways.

4.2.1. Nanorods

In bulk heterojunctions, one of the challenges is to create a direct path to the electrodes. Rather than using
fullerenes, a number of groups have used nanorod-shaped materials with longer aspect ratios. One of the most
successful early efforts was by Alivisatos et al. [40]. Using CdSe nanorods as the electron acceptor, they achieved
an overall power conversion efficiency of 1.7%. Within the nanorods, the electron transport occurs by band
conduction rather than hopping and, because of this, devices containing longer nanorods showed higher external
quantum efficiencies (EQE).

Based on the success of carbon fullerenes and the use of nanorods in bulk heterojunction devices, it was
expected that carbon nanotubes would prove to be an effective electron acceptor and the use of carbon nanotubes
in polymer solar cells was reported [41,42]. However, the difficulty in separating metallic and semiconducting
nanotubes as well as the electrical shorts introduced by the nanotubes proved to be an insurmountable problem
and there has been limited work in this area.

In order to gain the benefit of electron transport in nanorod structures while still using Cgg, Carroll et al.
fabricated a device containing PCBM and Cgg. When this device was annealed, single crystal "nanowhiskers”

[6] were formed. This increased the efficiency by approximately 20% over the device, which was not annealed.
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4.2.2. Multijunction

The incorporation of nanorods and other structures described above was intended to increase interfacial surface
area (to improve exciton separation) and to provide a more direct path to the electrodes (to improve charge
transport). Another method for increasing efficiency is to increase light absorption and exciton generation.
Multijunction solar cells work by using 2 different layers, each designed to absorb a specific region of the
spectrum (Figure 5). This concept was used in thin film devices (e.g., amorphous silicon) [43] for many years
before being introduced in polymer solar cells.
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Figure 5. Multijunction solar cell with 2 layers to absorb different parts of the solar spectrum.

Forrest et al. reported the double heterostructure organic solar cell [44,45] in 2000 with an efficiency of
3.6%. These devices included an exciton-blocking layer to prevent electron trapping and mitigate quenching
effects caused by cathode deposition damage. The same group later extended the concept to build tandem cells
with an efficiency of 5.7% [46]. The highest efficiencies for polymer based solar cells have been achieved in
tandem devices [5,7,45,47-56].

4.3. Other structures and techniques

A number of structures and techniques have been investigated in order to increase light absorption, improve
exciton separation, and increase charge transport. A few of those methods are outlined below.

4.3.1. Electrospun fibers

Electrospinning uses an electric field to draw polymer fibers from a solution. A hypodermic syringe is filled with
an electrically conducting polymer solution. An electric field is then set up between the needle of the syringe
and a counter electrode. The polymer solution is drawn out of the syringe by the electric field and a jet moves
towards the counter electrode. As the solvent evaporates, solid fibers are formed, which then deposit on the

counter electrode.
The fibers produced by electrospinning have diameters on the order of tens of nanometers [57], making

them ideally suited to polymer photovoltaics. For example, the small dimensions will help ensure effective
exciton separation. In addition, the distances to the electrodes are quite small for improved charged carrier
collection. Electrospun fibers have demonstrated a red-shift in absorption and thus offer the possibility of
greater charge generation [58]. Finally, the technique is simple and easily scalable, offering the potential for

lowers costs.
Sundarrajan et al. were the first to report photovoltaic cells from electropsun conjugated polymer

nanofibers [59]. Using a coaxial electrospinning technique, a blend solution of poly(3-hexylthiophene-2,5-diyl)
and [6,6]-phenyl C61-butyric acid methyl ester (P3SHT/PCBM) in chloroform/toluene was used for the core,
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and because the conjugated polymers do not tend to electrospin very well (i.e. they do not form fibers),
polyvinylpyrrolidone (PVP) in chloroform/ethanol was used for the shell. A structure was created by first
collecting the fibers into a mat on a fluorine-doped tin oxide (FTO) plate. After the PVP shell was removed
by soaking in ethanol, the nanofiber mat was then sandwiched in between an aluminum (Al) sputtered FTO
substrate that was clamped together using binder clips. Because the mat was quite thick, the efficiency was
quite low (8.7 x 107%). Bedford et al. [60] tried to build on this work by first depositing an electrospun mat
and then depositing a P3HT:PCBM layer on top and reported an increase in efficiency of 25% over devices that
did not include an electrospun mat.

Neither of the devices described above took full advantage of the electrospun fiber structure because
the fibers were used in a mat configuration. By contrast, Nagata et al. have reported on the development
and testing of electrospun polymer-fiber solar cells [61] using co-planar interdigitated electrodes of dissimilar
materials (Figure 6) [62]. The device used an MEH-PPV:PCBM mixture and provided an efficiency of 3.08
x 1077%. Although the reported efficiency was low, this device structure offers potential advantages when
compared to more traditional structures. The use of interdigitated electrodes allows the utilization of very small
fibers (diameters <1 pm) for improved exciton separation and charge collection. In addition, the use of an
interdigitated structure results in multiple junctions (potentially thousands) so that the failure of one fiber has
minimal impact on the overall device. Finally, because both of the electrodes are behind the active layer, they

can be made from nontransparent materials, offering the designer a much wider range of electrode options.
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Figure 6. Electrospun polymer nanofiber solar cell on co-planar interdigitated electrodes.

4.3.2. Supramolecules

When the polymer in an organic photovoltaic absorbs light, excitons are generated. If the excitons are not
within one diffusion length of a donor—acceptor interface, they will recombine before being separated. One idea
that has been investigated to overcome this challenge is the synthesis of so-called supramolecules—molecules
where the donor and acceptor are covalently attached within a single molecule. Unfortunately, these dyads
[63-67] have not yielded high efficiencies. It has been surmised that the domain size within the molecule may
be too small, resulting in recombination and poor charge carrier transport. As might be expected, in order to
achieve both exciton diffusion and separation as well as charge transport, organic photovoltaics need an optimal

domain size.

4.3.3. Solvents

One final way to impact the domain size is through the choice of solvents. In a comparison of the common
solvents toluene and chlorobenzene with device based on PCBM and MDMO-PPV (poly[2-methoxy-53,7-
dimethyloctyloxy)]-1,4-phenylenevinylene)), Hoppe et al [68] found that the choice of solvent had a significant
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effect on the grain size. The toluene yielded grain sizes of 200-500 nm while the chlorobenzene yielded grain sizes
of approximately 50 nm. This means that the grain size in the toluene-based devices is an order of magnitude
larger than the exciton diffusion length while that in the chlorobenzene-based devices is much closer to the
diffusion length. Therefore the devices made using chlorobenzene demonstrated a higher efficiency.

In addition to the actual solvent choice, the domain size also depends on the solvent evaporation time
[69,70]. It has also been found that solvents with lower vapor pressure yield higher efficiencies—possibly due
to better mixing of the polymer and the electron acceptor material [33]. Correspondingly, solvent evaporation
times can impact the morphology and efficiency of the devices. Finally, the use of annealing can change the
nanomorphology of the device and therefore impact the efficiency (increase or decrease) by changing the size of
the domains. [68,71-74].

5. Conclusions

The efficiency of polymer-based organic solar cells has risen significantly over the past 10 years from approx-
imately 3% [75] to nearly 11% [7]. While much of this increase can be attributed to the development of new
polymers with increased quantum efficiency, the optimization of device structures has also played an important
role. The incorporation of a variety of nanostructures in the design of organic polymer solar cells offers the

possibility for even greater gains in efficiency.
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