Organic Photovoltaic Solar Cells: Recent Advancementsin Efficiency
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In a society where cheap and clean renewable energy sources are increasingly desirable,
solar cells are slowly, but steadily, answering the call. Since the discovery of conducting polymers
in the late 1970’s, applications of these polymers to fabricate solar cells that convert solar energy
into a viable power source have been of great interest. Until recently, however, less than
spectacular power conversion efficiencies have been observed for organic or polymeric materials.
In 1986, Tang and co-workers achieved a 1% power conversion efficiency with an organic
photovoltaic cell based on a small molecular weight organic thin-film photodetector.' Since that
breakthrough, great strides have been made resulting in a variety of strategies for solar cell
improvements based on polymers,” > quantum dots,’ dye-sensitized metal-oxides,” and multi-
crystalline silicon.® Due to their cost-effective manufacturing methods and low-cost materials,
organic photovoltaic cells, or OPVS, need only achieve a power conversion efficiency of about 10%
(~ 4% greater than today’s most efficient OPVs based on small molecular weight thin-film
photodetectors) to become more economically efficient than silicon.

Although solar cell technology has been studied for decades, it is only in the past several
years that organic photovoltaic cells have emerged as a possible contender in the solar power
industry. Conventional silicon photovoltaics, with efficiencies approaching 35%, consist of two or
more layers of positively or negatively doped semiconducting materials. Upon absorption of a
photon, electrons are promoted from the valence band to the conduction band of the material
making up the absorbing layer. Once excited, these electrons are free to form a current. Organic
photovoltaic cells work by a slightly different mechanism. As is discussed in a number of reviews
on organic solar cells,” ® the absorbing layers are commonly designed using materials consisting
largely of carbon atoms arranged in a conjugated system. Once the semiconducting materials are
brought into contact with one another, an interface is formed. This interface allows for a one-way
transport of either electrons or holes. When these thin-film materials absorb a photon, an exciton
(an electrically neutral electron-hole pair) is formed.” These excitons are not free to travel
throughout the layer, as they can in many inorganic materials. Rather, they must make their way
via exciton diffusion to the interface of a second thin-film where they undergo a charge transfer
(exciton dissociation) into electrons and holes that travel to the cathode and the anode, respectively
(Figure 1).
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Figure 1: Mechanism of photocurrent generation in an organic photovoltaic solar cell.'



Although the use of polymeric or small molecular weight organic thin-films affords the
opportunity for deposition onto plastic or flexible substrates,'' a “bound-exciton” system brings
with it inherent limitations.'" Among these is the sensitivity of the thin-films used as absorption
media. As is the case with any semiconductor, the electron and/or hole producing layer must be in
direct contact with either an anode or a cathode. For OPVs, the deposition of a metal cathode
(usually Ag or Al) can cause severe defects at the acceptor/cathode interface thereby limiting the
overall efficiency of the cell. Great progress has been made in the development of an exciton
blocking layer (EBL) to act as an intermediate between the light absorbing layer and the cathode.'
EBLs not only buffer the sensitive portions of the cell, but when doped with light absorbing
materials, also can work to increase the absorption efficiency of the cell. Another challenge facing
materials and device scientists an avoidance of an exciton diffusion bottleneck, in which
photogenerated excitons are unable to diffuse to a donor/acceptor (DA) interface prior to
dissociation. This phenomenon occurs primarily because that the distance an exciton can travel is
often much less than the optical absorption length (1/a). One way to counter this effect is to employ
materials that possess a longer exciton diffusion length (Lp), which improve internal quantum
efficiencies, thereby raising the overall power conversion efficiency.'” Other strategies include the
use of mixed or bulk heterojunctions,'*'” in which a layer is constructed of a mixture of donor and
acceptor materials sandwiched between the two thin films. Such heterojunctions increase the
surface area of the DA interface, resulting in an increase in exciton diffusion efficiency.
Optimization via the use of organic vapor phase deposition (OVPD)'® of the donor layer has
yielded drastic improvements to the power conversion efficiencies of OPVs (Figure 2)."”
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Figure 2: Schematics of organic donor-acceptor heterojunctions.'”’

A third and vital factor limiting the efficiencies of OPVs is the inability of the thin-film device to
absorb a large enough fraction of the solar spectrum. Typical materials employed in OPVs absorb
relatively little of the incoming light, resulting in poor absorption efficiencies. To overcome this
limitation, high-efficiency organic photovoltaic cells can be stacked and connected in series,
thereby optimizing the absorption of incident light."

References:
1. Tang, C. W. "Two-layer organic photovoltaic cell," Appl. Phys. Lett. 1986, 48, 183-185.

2. Bundgaard, E.; Krebs, F. C. "Low band gap polymers for organic photovoltaics," Sol. Energy
Mater. Sol. Cells 2007, 91, 954-985.

3. Wong, W.-Y.; Wang, X.-Z.; He, Z.; Djurisic, A. B.; Yip, C.-T.; Cheung, K.-Y.; Wang, H.; Mak,
C. S. K.; Chan, W.-K. "Metallated conjugated polymers as a new avenue towards high-
efficiency polymer solar cells," Nat. Mater. 2007, 6, 521-527.

4. Luque, A.; Marti, A.; Nozik, A. J. "Solar cells based on quantum dots: multiple exciton
generation and intermediate bands," MRS Bull. 2007, 32, 236-241.



10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Gratzel, M. "Dye-sensitized solid-state heterojunction solar cells," MRS Bull. 2005, 30, 23-27.

Schropp, R. E. 1; Carius, R.; Beaucarne, G. "Amorphous silicon, microcrystalline silicon, and
thin-film polycrystalline silicon solar cells," MRS Bull. 2007, 32, 219-223.

Peumans, P.; Yakimov, A.; Forrest, S. R. "Small molecular weight organic thin-film
photodetectors and solar cells," J. Appl. Phys. 2003, 93, 3693-3723.

Hoppe, H.; Sariciftci, N. S. "Organic solar cells: An overview," J. Mater. Res. 2004, 19, 1924-
1945.

Gregg, B. A. "Excitonic solar cells," J. Phys. Chem. B 2003, 107, 4688-4698.

Forrest, S. R. "The limits to organic photovoltaic cell efficiency," MRSBull. 2005, 30, 28-32.
Graham-Rowe, D. "Solar cells get flexible," Nat. Photonics 2007, 1, 433-435.

Peumans, P.; Bulovic, V.; Forrest, S. R. "Efficient photon harvesting at high optical intensities
in ultrathin organic double-heterostructure photovoltaic diodes," Appl. Phys. Lett. 2000, 76,
2650-2652.

Peumans, P.; Forrest, S. R. "Very-high-efficiency double-heterostructure copper
phthalocyanine/C60 photovoltaic cells," Appl. Phys. Lett. 2001, 79, 126-128.

Peumans, P.; Uchida, S.; Forrest, S. R. "Efficient bulk heterojunction photovoltaic cells using
small-molecular-weight organic thin films," Nature 2003, 425, 158-162.

Sullivan, P.; Heutz, S.; Schultes, S. M.; Jones, T. S. "Influence of codeposition on the
performance of CuPc-C60 heterojunction photovoltaic devices," Appl. Phys. Lett. 2004, 84,
1210-1212.

Xue, J.; Rand, B. P.; Uchida, S.; Forrest, S. R. "A hybrid planar-mixed molecular heterojunction
photovoltaic cell," Adv. Mater. 2005, 17, 66-71.

Yang, F.; Shtein, M.; Forrest, S. R. "Controlled growth of a molecular bulk heterojunction
photovoltaic cell," Nat. Mater. 2005, 4, 37-41.

Baldo, M.; Deutsch, M.; Burrows, P.; Gossenberger, H.; Gerstenberg, M.; Ban, V.; Forrest, S.
"Organic vapor phase deposition," Adv. Mater. 1998, 10, 1505-1514.

Xue, J.; Uchida, S.; Rand, B. P.; Forrest, S. R. "Asymmetric tandem organic photovoltaic cells
with hybrid planar-mixed molecular heterojunctions," Appl. Phys. Lett. 2004, 85, 5757-5759.



