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oxides, such as TiO2 or ZnO, as the n-type semiconductor because of 

their high electron mobility, transparency, and ease of processing. 

All the mechanisms mentioned above put strict requirements on the 

materials and architectures for efficient polymer photovoltaics: 

1. Domain sizes of the donor and acceptor must be small compared 

with the distance excitons migrate to allow efficient exciton 

harvesting before natural exciton decay. This is often <10 nm and is 

the reason that BHJ architectures are necessary;

2. The electrochemical potential drop at the donor-acceptor interface 

must be sufficient to dissociate excitons. This is still poorly 

understood but exciton splitting has been seen with drops at the 

donor-acceptor interface as low as 0.3 eV;

3. Since the geminate pair must be split before back transfer of the 

electron from the acceptor to the donor, the carrier transport rate 

must be fast compared with the back-transfer rate. While little work 

has been done on modifying the interfacial back-transfer rate, the 

hopping rate is proportional to carrier mobility. Simple calculations 

show that mobilities should be 10–4 cm2/V.s or higher for efficient 

geminate separation37. This process also imposes geometric 

restrictions. Highly folded, disordered geometries should lead to 

lower probabilities of geminate pair separation. Consequently, 

ordered nanostructures are ideal for splitting geminate pairs;

4. Both the electron and hole mobilities should be high enough 

(>10–4 cm2/V.s) and/or balanced to prevent the build up of space 

charge, which can hinder further extraction of charge carriers37; and

5. Mobilities should be high enough to extract carriers as they are 

transported through the device before they undergo recombination, 

but not so high that the diffusive dark current limits Voc. While still 

under study, mobilities of 10–4–10–2 cm2/V.s are probably optimal 

for device thicknesses of 200–500 nm. Higher mobilities will require 

changes in device design to minimize dark current.

These restrictions are necessary to ensure high photon-to-electron 

conversion efficiencies with low voltage dependence (which leads 

to high fill factors). High photocurrents require light absorption over 

the whole solar spectrum and this has led to the development of 

some low bandgap polymers, as will be discussed below. The highest 

photocurrents achieved under one-sun illumination in polymer PV are 

still only ~15 mA/cm2, compared with over 40 mA/cm2 for single-

crystal Si cells, leaving much room for progress. Finally, minimizing 

losses in chemical potential in the above processes is necessary to 

drive Voc to its maximum. In P3HT:PCBM solar cells, 1.9 eV photons are 

absorbed but a Voc of only 0.6 V is usually measured. The other 1.3 eV 

is lost. Doubling of efficiencies should easily be achievable by simply 

reducing this energy drop to the minimum necessary.

Bulk heterojunctions 
Fig. 3 shows how the efficiency of BHJ schemes has progressed over 

the last 15 years. Most of these reported efficiencies remain uncertified 

by the National Renewable Energy Laboratory (NREL), but some have 

been corroborated by several groups. The key to making efficient 

polymer blend solar cells, is to ensure that the two materials are 

intermixed at a length scale less than the exciton diffusion length. That 

means every exciton formed in the polymer can reach an interface with 

the electron acceptor to undergo charge transfer. The film morphology 

also has to enable charge-carrier transport in the two different phases 

such that the charges can reach the contacts and be extracted. We 

discuss important innovations related to PCBM-based BHJs. Though this 

is specific to PCBM-based PV, the implications are general to all BHJs. 

The original BHJs containing PCBM employed polyphenylene 

vinylenes (PPV) as the electron donor. In PPV:PCBM blends, the 

choice of solvent and blending ratio greatly affects solar cell 

performance21,38,39. When toluene is used as the common solvent, 

PCBM forms domains that are over 100 nm in size. These are 

effectively dead zones in the solar cell as they do not contribute to the 

photocurrent38,39. The phase segregation is made finer by switching 

to chlorobenzene, a good solvent for both PPV and PCBM21. Another 

problem with the PPV system is that the hole mobility in PPV is ten 

times lower than the electron mobility in PCBM. This leads to a buildup 

of holes and a field that opposes the built-in field – a phenomenon 

known as space-charge limited photocurrent (SCLP)40,41. Researchers 

have found that the hole mobility increases upon PCBM loading, which 

is attributed to increased ordering in the PPV phase41. Using a blend 

containing 80% PCBM sandwiched between the transparent contact 

and LiF/Al yields an efficiency of ~3.5%22. In order to achieve a higher 

efficiency, the hole mobility needs to be increased further. 

rr-P3HT has among the highest reported field-effect transistor 

mobilities for a conjugated polymer because of the semicrystalline 

nature of its spin-cast films42. Moreover, the morphology, and hence 

the mobility, of pure rr-P3HT and blended rr-P3HT:PCBM films is highly 

Fig. 3 Reported efficiencies of various BHJ technologies over time. The 
references in chronological order are: PPV:PCBM19–22, polymer:polymer28–31, 
polymer:CdSe32–34, polymer:oxide35,36, low Eg polymer:PCBM6,23,25, and 
P3HT:PCBM2–5,26,27. The abbreviations are: University of California, Santa 
Barbara (UCSB); University of California, Santa Cruz (UCSC); University 
of California, Berkeley (UC Berkeley); University of California, Los Angeles 
(UCLA); Technische Universiteit Eindhoven (TU/e).
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that efficient devices need to be very thin. Fortunately
the high absorption coefficient of conjugated polymers
allows devices to be only a few hundreds of nano-
meter thick to exhibit efficient absorption cross-sections.
Charge separation in conjugated polymers has been

found to be enhanced at the interface with materials of
high electron affinity [8–10]. In addition to this, the
low exciton diffusion distance of conjugated polymers
demands a nanostructured interface. While several
strategies are currently being pursued, such an inter-
face is provided by colloidal quantum dots dispersed
in a conjugated polymer host. These semiconductor
nanoparticles have a high electron affinity relative to
conjugated polymers, and thereby act as an electron
acceptor. Although there have been a variety of re-
search going on nanocrystal based solar cells, in this
review we will focus our attention on colloidal nano-
crystal based solar cells; that is, nanocrystal-polymer
hybrids. We present the operating principle, state of
art in the development of these types of solar cells,
and conclude with an outlook for future research.

Basic processes of light harvesting in molecular
solar cells

Solar energy is converted to electrical potential by a
sequence of events: the absorption of light, generation
of charge carriers (electrons and holes), and the trans-
port of charge carriers to electrodes. However, for
solar cells based on molecular systems such as poly-
mers, this basic scheme needs to be developed further
in order to explain photovoltaic performance. In bulk
inorganic semiconductors, the binding energy of an
exciton is close to thermal energies, and as such, the
absorption of light leads essentially to separated, free
charge carriers [11, 12]. However, because the exciton
binding energy is substantial in molecular systems
such as conjugated polymers or nanocrystals [2], the
creation of carriers after light absorption is divided
into three stages. Firstly, there is creation of a nano-
scale exciton, the nature of which is different in conju-
gated polymers and inorganic nanocrystals compared
to bulk inorganic semiconductors [13–17]. Secondly,
the exciton dissociates, which likely occurs at the
interface between two materials [18–22]. In case of
nanocrystal based polymeric photovoltaic devices, the
electron affinity and ionization potential between
nanocrystal and polymer is one determining factor
in the rate of that charge transfer. In the third stage,
the separated charges are transported to the respective

electrodes. The transport of charges occurs by diffusion
assisted by the electric field generated from the dif-
ference in work functions of the electrodes [23–26].

A schematic of processes taking place in a polymer
based photovoltaic cell is shown in Fig. 1. At each
step, recombination of electron and hole can occur,
preventing their contribution to the external current.
In addition to the fundamental restrictions of the de-
vice, such as how much light can be absorbed, these
recombination losses limit the overall maximum effi-
ciency of the device and hence need to be minimized
by all possible means.

The efficient operation of these hybrid solar cells
depends on thermodynamic as well as kinetic factors.
The thermodynamic requirements are that the energy
levels of the components should be aligned in a way
that the excitons created upon irradiation of the sam-
ple should be broken into separate charge carriers
which should further be transported to the respective
electrodes minimizing the possibility of their recom-
bination in every possible way. Therefore, the ioniza-
tion potential and electron affinity of the components
play an important role in exciton dissociation, while the
electron and hole mobility of the component defines

Fig. 1. Schematic flow chart showing the important processes in
molecular and nanocrystalline solar cells. Recombination of exci-
tons can be both radiative and non radiative
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tion and synthesis of new active materials for bulk-heterojunc-
tion solar cells.

In Figure 1 the open-circuit voltage of different bulk-het-
erojunction solar cells is plotted versus the oxidation potential

of the conjugated polymers used in these devices. The conju-
gated polymers corresponding to open squares are listed in
Table 1. In addition, data points corresponding to polymer
materials proprietary to Konarka (filled triangles) are added.
The line representing a linear fit to the measured points has a
slope equal to 1 and intersects the x-axis at –140 mV, which
corresponds to a HOMO level of ∼4.6 eV. Figure 1 demon-
strates that for a total of 26 different bulk-heterojunction
solar cells, a linear relation between Voc and the conjugated
polymer oxidation potential is found; the open-circuit voltage
of a conjugated polymer–PCBM solar cell can be estimated
by

Voc = (1/e)(EDonorHOMO – EPCBMLUMO) – 0.3 V (1)

where e is the elementary charge and using –4.3 eV for the
PCBM lowest occupied molecular orbital (LUMO) energy.
The value of 0.3 V in Equation 1 is an empirical factor which
will be discussed below. It is interesting to note that
PEDOT:PSS with a Fermi level of –5.0 eV can contact poly-
mers with a wide range of HOMO levels. Although there may
be an optimized doping level of the PEDOT:PSS layer for
every conjugated polymer,[14] even polyfluorene copolymers
with a HOMO level of ∼–5.7 eV can be used as donors in effi-
cient bulk-heterojunction solar cells when PEDOT:PSS is
applied as the anode material.[16,17] Based on this finding, the
limiting efficiency of a bulk-heterojunction solar cell (given
by the open-circuit voltage (Voc) times the short-circuit cur-
rent density (Jsc) times the electrical fill factor (FF) divided
by the incident-light intensity) can be predicted solely as a
function of the bandgap and the LUMO level of the donor.

As a practical limit to the efficiency, the external quantum
efficiency (EQE) of the solar cell for photon energies equal to
or larger than the bandgap energy of the donor and the FF
are set to 65 %. Similar values have been found by several
groups for optimized devices in the absence of recombination
losses.[8,18] In addition, any contribution to the short-circuit
current from photons absorbed by the fullerene is neglected.
Under these assumptions, the efficiency calculation requires
only an integration of the Air Mass 1.5 (AM1.5) spectrum
times the constant EQE for the Jsc and Equation 1 for Voc.
The result is shown in Figure 2 as a contour plot where the
x- and y-axes are the bandgap and the LUMO level of the
donor, respectively, and the contour lines indicate constant
power-conversion efficiencies. The straight lines in Figure 2
define lines of constant donor HOMO levels of –5.7 and
–4.8 eV. Calculations were performed for LUMO levels of the
donor in the range of –3 to –4 eV assuming that an energy
difference DE of 0.3 eV between the LUMO of the donor and
the LUMO of the acceptor is sufficient for efficient charge
separation.[19] Figure 2 suggests that the energy-conversion
efficiency of a bulk-heterojunction solar cell should be much
more sensitive to changes of the donor LUMO level com-
pared to variations of the donor bandgap. For example, for a
LUMO level of –3.6 eV the calculated efficiency at a bandgap
of 2.1 eV is ∼5.8 %. Upon decreasing the bandgap, the effi-
ciency increases to ∼6.7 % at a bandgap of 1.8 eV and gradu-
ally decreases to ∼5.8 % at a gap of 1.45 eV. A variation of the
donor bandgap of 0.65 eV leads to a variation of only 1 % in
the device efficiency. In contrast, a 0.65 eV variation of the
polymer LUMO level results in efficiency changes between
3.5 and 8 % depending on the donor bandgap. For energy-
conversion efficiencies exceeding 10 %, the donor polymer
must have a bandgap < 1.74 eV and a LUMO level < –3.92 eV,
assuming the FF and the average EQE remain equal to 0.65.
For a 3.92 eV LUMO value, the calculated efficiency value is
almost constant upon decreasing the donor bandgap down to
1.3 eV. The results presented here demonstrate the impor-
tance of the donor LUMO level in bulk-heterojunction solar
cells. Besides a reduction of the bandgap, new donor materials
must be designed to optimize the LUMO as this parameter
dominantly drives the solar-cell efficiency. It is important to
note that an optimized open-circuit voltage is a prerequisite
to achieve certain device efficiencies; however, it is not suffi-
cient. In addition, the charge-carrier mobility of electrons and
holes in the donor acceptor blend must be high enough to
allow efficient charge extraction and FF of 0.65. The relation
between charge-carrier mobility and FF can be deduced from
a model which has been reported recently.[20] The main
feature of this extended pn-junction model is that the photo-
current is dominantly field-driven. For devices with an active-
layer thickness of several hundred nanometers, carrier mobili-
ties of ∼10–3 cm2 V–1 s–1 are required to prevent losses in the
photocurrent in the absence of second-order recombination.
Equally important is the successful description of the light-in-
tensity dependence of the Voc of bulk-heterojunction solar
cells. Recently, Koster et al. suggested a complicated model
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Figure 1. Open-circuit voltage (Voc) of different bulk-heterojunction solar
cells plotted versus the oxidation potential/HOMO position of the donor
polymer used in each individual device. The straight line represents a lin-
ear fit with a slope of 1.
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based on a MIM concept. The experimental findings pre-
sented here are in contradiction to the classical MIM picture,
i.e., for more than 26 different material combinations, no in-
fluence of the contact work function on the Voc is observed.
These conceptual problems can be overcome by using the
extended pn-junction model with a field-dependent photocur-
rent.[21] Underlying the basic physics behind the model is the
fact that all photovoltaic cells work essentially the same way:
absorbed light is transferred into photogenerated charge car-
riers, which are separated by a junction later. The junction
guarantees that separated charge carriers do not recombine
before reaching the contacts. In contrast to classical solar-cell
materials like Si or Ge, however, the quantum efficiency for
charge generation in pristine organic semiconductors is low,
typically in the range of 1 %. It is therefore a necessity to
blend semiconductors with appropriate electron affinities and
work functions[19] to increase the quantum efficiency for
charge generation. This so-called donor–acceptor principle is
successfully applied in liquid-electrolyte and solid-state dye-
sensitized solar cells as well as in polymer/fullerene solar cells.
A consequence of this approach is the presence of a charge-
generating junction that is identical to the charge-separating
junction. In other words, the energy-level differences between
the polymer and the fullerene form the junction for the photo-
voltaic action. The Voc and the built-in potential VBI are deter-
mined by the difference between the HOMO of the donor
and the LUMO of the acceptor. It is trivial to note that this is

the theoretical maximum value for the VBI in bulk-hetero-
junction systems. As discussed above and shown in Figure 1,
deviations between the theoretical maximum VBI and the Voc

on the order of 0.3 V are found. In Figure 3, the current–vol-
tage curve of a poly(3-hexylthiophene) (P3HT)/PCBM bulk-
heterojunction solar cell acquired in the dark (solid line) and
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What molecule fits these criteria?



What Compound?

Electronic parameters do not tell us what 
molecule to make…

“Inverse design” problem

Parameters to consider:

Electron-donating / Electron-withdrawing

Greater delocalization / non-aromatic

etc...
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First Step.... “Diversity Library”

Primitive level:
Do we find anything 
which meets our target?

Secondary:
Key “structural features”

And...
What do you need to 
model the full polymer?



New Targets?
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Wait... What About Everything Else?

that efficient devices need to be very thin. Fortunately
the high absorption coefficient of conjugated polymers
allows devices to be only a few hundreds of nano-
meter thick to exhibit efficient absorption cross-sections.
Charge separation in conjugated polymers has been

found to be enhanced at the interface with materials of
high electron affinity [8–10]. In addition to this, the
low exciton diffusion distance of conjugated polymers
demands a nanostructured interface. While several
strategies are currently being pursued, such an inter-
face is provided by colloidal quantum dots dispersed
in a conjugated polymer host. These semiconductor
nanoparticles have a high electron affinity relative to
conjugated polymers, and thereby act as an electron
acceptor. Although there have been a variety of re-
search going on nanocrystal based solar cells, in this
review we will focus our attention on colloidal nano-
crystal based solar cells; that is, nanocrystal-polymer
hybrids. We present the operating principle, state of
art in the development of these types of solar cells,
and conclude with an outlook for future research.

Basic processes of light harvesting in molecular
solar cells

Solar energy is converted to electrical potential by a
sequence of events: the absorption of light, generation
of charge carriers (electrons and holes), and the trans-
port of charge carriers to electrodes. However, for
solar cells based on molecular systems such as poly-
mers, this basic scheme needs to be developed further
in order to explain photovoltaic performance. In bulk
inorganic semiconductors, the binding energy of an
exciton is close to thermal energies, and as such, the
absorption of light leads essentially to separated, free
charge carriers [11, 12]. However, because the exciton
binding energy is substantial in molecular systems
such as conjugated polymers or nanocrystals [2], the
creation of carriers after light absorption is divided
into three stages. Firstly, there is creation of a nano-
scale exciton, the nature of which is different in conju-
gated polymers and inorganic nanocrystals compared
to bulk inorganic semiconductors [13–17]. Secondly,
the exciton dissociates, which likely occurs at the
interface between two materials [18–22]. In case of
nanocrystal based polymeric photovoltaic devices, the
electron affinity and ionization potential between
nanocrystal and polymer is one determining factor
in the rate of that charge transfer. In the third stage,
the separated charges are transported to the respective

electrodes. The transport of charges occurs by diffusion
assisted by the electric field generated from the dif-
ference in work functions of the electrodes [23–26].

A schematic of processes taking place in a polymer
based photovoltaic cell is shown in Fig. 1. At each
step, recombination of electron and hole can occur,
preventing their contribution to the external current.
In addition to the fundamental restrictions of the de-
vice, such as how much light can be absorbed, these
recombination losses limit the overall maximum effi-
ciency of the device and hence need to be minimized
by all possible means.

The efficient operation of these hybrid solar cells
depends on thermodynamic as well as kinetic factors.
The thermodynamic requirements are that the energy
levels of the components should be aligned in a way
that the excitons created upon irradiation of the sam-
ple should be broken into separate charge carriers
which should further be transported to the respective
electrodes minimizing the possibility of their recom-
bination in every possible way. Therefore, the ioniza-
tion potential and electron affinity of the components
play an important role in exciton dissociation, while the
electron and hole mobility of the component defines

Fig. 1. Schematic flow chart showing the important processes in
molecular and nanocrystalline solar cells. Recombination of exci-
tons can be both radiative and non radiative

316 S. Kumar, G. D. Scholes

Heeger criteria only 
address first 2 steps

Still need to understand

exciton diffusion

charge recombination

charge separation

charge transport
...

Not to mention:

Disorder

Defects

Stability


