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Dark current-voltage characteristics for organic solar cells with the structure ITO/donor/C60/
BCP/Al, where the donor material is either pentacene (circles), CuPc (squares) or TiOPc (tri-
angles). Straight lines are � ts using an equivalent circuit model. (Inset) J-V curves under illumina-
tion for the same devices. The data show that the open-circuit voltage values under illumination 
correlate with the values of the reverse saturation current in the dark. (For details, see refs. 2 and 4.)

O rganic photovoltaics is an active 
research area because thin-fi lm 

solar cells can be processed directly onto 
large-area substrates and patterned into 
modules, lowering manufacturing costs. 
Among thin-fi lm solar technologies, 
organic solar cells show great potential 
for being manufactured using roll-to-roll 
processing on plastic substrates; this is 
due to the low-temperature processing 
of their constituents. Power conversion 
effi  ciencies of organic solar cells remain 
rather modest (5 to 7 percent in single 
laboratory cells1), but they continue to 
improve. To sustain that development, 
we must learn more about the physical 
processes that govern their operation. 
While we can easily estimate maximum 
values of the photocurrent produced by a 
cell, researchers and engineers continue to 
debate the origin of the photovoltage or 
open-circuit voltage in organic solar cells.

Organic molecular and polymeric 
semiconductors form fi lms with complex 
morphologies via the interplay of various 
non-covalent interactions. � e inter-
molecular electronic couplings between 
adjacent molecules or polymer chains 
represent the key parameter governing 
their electronic properties. � e operation 
of organic solar cells relies largely on 
the heterojunction formed by interfaces 
between donor- and acceptor-like mol-
ecules and/or polymers, and on selec-
tive electrodes that extract either holes 
or electrons from the device.2,3 � ese 
heterojunctions are responsible for the 
effi  cient dissociation of excitons formed 
after light absorption into free carriers 
that lead to electrical current.

Using equivalent-circuit methods, the 
electrical characteristics of organic solar 
cells can be described by a single diode 
and a current source in parallel. Within 
this simple model, the short-circuit cur-
rent (Jsc) and the open-circuit voltage 
(Voc) can be parameterized by a limited 

set of conventional diode parameters (an 
ideality factor n and a reverse saturation 
current J0). Voc is proportional to the 
logarithm of the ratio of the photocur-
rent density Jph divided by the reverse 
saturation current density J0. Hence, an 
understanding of the physical origin of 
J0 directly yields information about what 
limits Voc. 

By studying the temperature depen-
dence of the electrical characteristics of 
model solar cells incorporating materials 
with diff erent relative orbital energy levels, 
we have shown that J0 is thermally acti-
vated with an energy barrier height that 
correlates in part with the diff erence in 
energy between the highest occupied mo-
lecular orbital of the donor and the lowest 
unoccupied molecular orbital of the 
acceptor.4 � ermal excitation of charge 
carriers from ground-state charge-transfer 
states formed between the donor and 
acceptor molecules at the heterojunction 
is thought to determine values for J0. By 
describing this reaction with a semiclas-
sical Marcus theory, electronic coupling 

and reorganization energy are thought 
to be equally important in infl uenc-
ing the reverse saturation current and 
consequently values for Voc. 

2 Hence, the 
challenge of achieving higher power con-
version effi  ciency in organic solar cells 
will be to control the energetics of these 
states through molecular engineering. 
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