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Long-Range Resonant Energy Transfer for Enhanced Exciton
Harvesting for Organic Solar Cells**

By Shawn R. Scully, Paul B. Armstrong, Carine Edder, Jean M. J. Fréchet, and Michael D. McGehee*

Exciton harvesting is of fundamental importance for the ef-
ficient operation of organic photovoltaic devices. The quan-
tum efficiencies of many organic and hybrid organic-inorganic
devices are still limited by low exciton harvesting efficiencies.
This problem is most apparent in planar heterostructures that
suffer from a direct tradeoff between light absorption and ex-
citon harvesting. The bulk heterojunction concept[1,2] was de-
signed to alleviate the problem of limited exciton migration
by intimately blending the donor and acceptor phases on the
nanometer length scale. In some polymer/fullerene systems,
such as poly(2-methoxy,5-(3,7-dimethyloctyloxy)-1,4phenyl-
enevinylene) (MDMO-PPV)/(6,6)-phenyl C61-butyric acid
methyl ester (PCBM), time resolved spectroscopy shows the
photoinduced formation of the radical anions and cations on
femtosecond timescales.[3] This ultrafast formation of the po-
laron signature is only possible if every exciton is formed on a
polymer chain segment that is immediately adjacent to one or
more fullerene molecules. However, in other systems, very
large domains prevail and, consequently, exciton harvesting is
inefficient.[4] This has made the fabrication of efficient devices
incorporating new materials difficult because each new mate-
rial leads to a new morphology with its own characteristic
length scale. The ordered bulk heterojunction architecture is
intended to alleviate these issues by using a pre-patterned
nanostructured scaffold[5–7] that has been engineered to have
both straight pathways to the electrodes to ensure efficient
carrier collection, and controlled domain size to ensure effi-
cient exciton harvesting. Recently, chain alignment has been
shown to be promoted for regioregular poly(3-hexyl thio-
phene) (RR-P3HT) in straight nanopores of anodic alumina
leading to a 20-fold increase in hole-mobility in these struc-

tures.[8] For solar cell applications, higher mobilities reduce
the effects of space charge[9] and increase the probability of
separating the geminate pair formed immediately after exci-
ton dissociation.[10–13] While the ordered bulk heterojunction
architecture shows promise, existing structures have domains
too large[14,15] for efficient exciton harvesting with singlet dif-
fusion lengths only ca. 3–8 nm.[16–18] At this time, few alterna-
tives other than nanostructuring have been proposed to in-
crease exciton harvesting. Triplet excitons have been shown to
have large diffusion lengths due to their long lifetimes,[18–20]

but except in a few examples[21,22] this usually comes at the ex-
pense of a loss in energy of 0.4–0.8 eV associated with inter-
system crossing between the photoexcited singlet to the first
excited triplet.[23–25] At present, the direct engineering of sin-
glet materials that have large diffusion lengths remains elusive
due to the inherent disorder of most organic thin film materi-
als. In this communication, we present theory and experi-
ments that support a scheme to harvest singlet excitons over
25 nm away from the donor-acceptor interface in organic so-
lar cells using resonant energy transfer. These results repre-
sent dramatic improvements over previous findings[26] and
show that this scheme holds promise for the future design of
highly efficient organic photovoltaics.

Resonant energy transfer has been used in organic photo-
voltaics to broaden the absorption spectrum[30] and is thought
to play a role in harvesting excitons in bulk heterojunction
cells.[31,32] However, the intentional use of hetero-energy
transfer to achieve longer range exciton harvesting in photo-
voltaics had largely been overlooked until recently.[26] Since
the rate of transfer between two chromophores is propor-
tional to 1/r6[28] and the characteristic distance of transfer is
typically only 2–4 nm, it is often assumed that, at best, exci-
tons could be harvested across this marginally larger distance
when energy transfer is used. However, both the relevant ge-
ometry and a proper accounting of rates are of the utmost im-
portance in determining absolute transfer rates. In a hetero-
structure, the exciton in the donor phase can be transferred to
any one of the chromophores in the acceptor film. Therefore,
to obtain the total rate of transfer we must sum over all possi-
ble transfer events. This is shown schematically in Figure 1.

The rate of transfer from an excited chromophore to a 2D
sheet varies as 1/x4[33] and to a 3D seminfinite array as
1/x3,[16,33] where × has been chosen as a distance from a planar
interface rather than a radial distance. Energy transfer for the
geometrically relevant structures is many times more efficient
than would be the case between two isolated chromophores.
This relaxed distance dependence has been previously recog-
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nized for its importance in describing excitation transfer to
metal films,[33–35] between dyes in layered Langmuir–Blodgett
structures,[36–39] and in heterostructure OLEDs.[40]

We recently reported device results using regioregular
poly(3-hexylthiophene (RR-P3HT) as the energy donor and
the low bandgap polymer poly(N-dodecyl-2,5,-bis(2′-thienyl)-
pyrrole-2,1,3-benzothiadiazole) (PTPTB)[41,42] as the energy ac-
ceptor.[26] We showed a near threefold enhancement in the
photocurrent compared to a titania/RR-P3HT bilayer device
and exciton harvesting measurements showed that excitons
could be harvested from nearly 10 nm away from the heteroin-
terface. RR-P3HT is well-known to have a low luminescence
quantum yield[43] due to tight p–p stacking and efficient aggre-
gate/excimer formation that limits the usefulness of resonant
energy transfer in this system by reducing the Förster radius.
We will now quantitatively explain exciton harvesting using het-
ero-energy transfer and show simulations and experiments that
demonstrate dramatic improvements upon these early results.

Exciton migration is usually modeled assuming a random
walk, perfect quenching at the donor-acceptor interface, and
perfect reflecting at the non-quenching interface.[16,18,29,44] For
the 1D case, the continuity equation for the exciton density, n,
and the idealized boundary conditions are given in Equa-
tions 1.1–1.3.

∂n
∂t

� D
∂2n
∂x2 �

n
s
� G�x� �1�1�

n�quench� 0 �1�2�

�D
∂n
∂x

�
�
�
�
nonquenching

� 0 �1�3�

The first term on the right in Equa-
tion 1.1 corresponds to exciton diffusion
with diffusivity, D. The second term is
the natural decay of the exciton with
lifetime s and the third is the exciton
generation profile, G(x). Equation 1.2
is the boundary condition for a perfectly
quenching interface (which the D-A
heterointerface ideally acts as) whereas
Equation 1.3 is the condition for a per-
fectly reflecting interface. As alluded to
earlier, because of disorder, singlet mi-
gration is not actually a true random
walk.[45–47] Consequently “exciton diffu-
sion” is a misleading term. However, it
turns out that steady-state exciton har-
vesting measurements can still be well-
described using this model and an effec-
tive diffusion length, LD =

�������

Ds
�

, can be
extracted that consistently models exci-
ton harvesting in a variety of experi-
ments. In this way LD is more of an

empirical factor that describes average exciton migration
properties. When a donor-acceptor interface is present at one
of the planar boundaries of the organic film, three quarters of
the excitons will be harvested from an organic film when the
film thickness is equal to LD and when the spatial generation
of excitons is a constant.

Following this empirical spirit, we can simulate exciton har-
vesting when hetero-energy transfer is possible as an addi-
tional exciton migration pathway. Equation 2.1 is a modified
continuity equation, which includes an extra term correspond-
ing to exciton harvesting by long-range resonant energy trans-
fer with the rate given by Equation 2.2.
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where Ro is the Förster radius[28] and CA is the acceptor chro-
mophore density.[48] Equation 2.1 is numerically solved to cal-
culate the fraction of excitons harvested as described pre-
viously[16] using the same boundary conditions as 1.2 and 1.3.

Figure 2a shows exciton harvesting as a function of energy
donor film thickness assuming a constant generation rate, and
an exciton diffusion length of 5 nm. Curves are shown for the
case where there is only exciton diffusion as well as for cases
involving energy transfer in addition to intrinsic exciton diffu-
sion. An important parameter, which determines the shape of
these curves is the Förster radius, Ro. The Förster radius is a
measure of the strength of coupling between donor and accep-
tor chromophores. Stronger coupling results in a larger Ro

and consequently a greater fraction of excitons harvested at
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Figure 1. Schematics showing representations of three different geometries for energy transfer,
point-to-point (left), point-to-plane (center), and point-to-slab (right). For simplicity, only the ex-
cited chromophore is drawn on the donor side, while in physically relevant systems the excited
chromophore is embedded in a 3D matrix of non-excited donor chromophores. Small D-A separa-
tion distances were chosen to emphasize the various possible transfer pathways. At larger dis-
tances (> 10 nm) the donor would look like a point and the acceptor planes and slabs would ap-
pear to be continuous rather than discrete as above. The arrows show representative energy
transfer pathways. Point-to-point corresponds to the situation where both donor and acceptor
chromophores are randomly dispersed in a matrix. Point-to-plane corresponds to the case where a
donor chromophore can couple to a monolayer of acceptor molecules. Point-to-slab corresponds
to the case where a donor chromophore can couple to a 3D array of acceptor molecules.



large distances. As a means of comparison between intrinsic
migration and exciton harvesting via long range energy trans-
fer, we can introduce the concept of an “effective diffusion
length.”[16] Each of the exciton harvesting data sets surpris-
ingly can be well-fit with a model incorporating only exciton
diffusion whereby an effective diffusion length can be ex-
tracted.

When Ro is 1 nm, energy transfer leads to very little en-
hancement in exciton harvesting relative to that of intrinsic
diffusion with a diffusion length of 5 nm. Consequently, the
effective diffusion length for this system is nearly the same as
the intrinsic diffusion length. However, if the Förster radius is
2 nm, the effective diffusion length increases to nearly 10 nm,
which is close to the value found in the P3HT/PTPTB system
previously reported.[49] At Ro = 3 nm, the effective diffusion
length is almost 19 nm and for Ro = 4 nm, the effective diffu-

sion length is almost 36 nm, more than seven times the intrin-
sic diffusion length. This last case is clearly much larger than
just the sum of the intrinsic diffusion length (5 nm) and the
Förster radius (4 nm). Adding all pairwise rates between ex-
cited donor and possible acceptor chromophores predicts the
large enhancement in transfer rate compared to that for one
pair of donor and acceptor chromophores.

To experimentally demonstrate efficient long-range energy
transfer, we have chosen a highly efficient red emitting poly-
mer, DOW Red, as the energy donor and a highly absorptive
low bandgap polymer, a recently reported PTPTB-deriva-
tive,[27] poly(N-hexadecan-2-yloxycarbonyl-2,5-bis(2′-thienyl)-
pyrrole-2,1,3-benzothiadiazole), as the energy acceptor. This
PTPTB-derivative was designed to have thermally labile solu-
bilizing groups, which made it ideally suited for use in hetero-
structures since a thin film could be deposited from solution
and made insoluble by a simple heat treatment. In this way,
well-defined heterostructures with no layer interpenetration
could be produced. Figure 1a shows normalized photolumi-
nescence and absorption spectra for the two materials. Using
these spectra and assuming a 70 % luminescence efficiency
for DOW Red and random orientation of the donor and ac-
ceptor dipoles, we calculate a Förster radius[28] of 3.7 nm and
an effective diffusion length of 27 nm.

Exciton harvesting as a function of donor film thickness was
measured by comparing the DOW Red photoluminescence
on glass, where no exciton harvesting occurs, on titania, where
excitons are harvested only by intrinsic migration and subse-
quent electron transfer at the DOW Red/titania interface, and
finally on thin films of the energy acceptor PTPTB which can
also harvest excitons through long range energy transfer. The
fraction of excitons harvested is given simply by:

gexciton � PLglass � PLquench

PLglass
�3�1�

where PLglass and PLquench are the integrated photolumines-
cence spectra on glass and quenching substrates respectively.
Care was taken to avoid overwhelming interference effects as
these can dominate the measurement as has been previously
shown.[16,29]

Figure 3 shows exciton harvesting data for DOW Red on ti-
tania and for DOW Red on PTPTB. It is clear that more exci-
tons are harvested when PTPTB is incorporated. The continu-
ous curves are models generated from the solutions to
Equations 1.1–1.3 assuming a 3 nm (DOW Red on titania)
and 27 nm (DOW Red on PTPTB) effective diffusion lengths.
These simulations also take into account the optical interfer-
ence effects that make the generation rate deviate mildly from
a constant.[16] In this system, the intrinsic migration of exci-
tons in DOW Red is extremely limited, as is evidenced by the
quenching data on titania, which fits a model incorporating
only a 3 nm diffusion length. This is in great contrast to the
case where energy transfer can occur. When PTPTB is used as
a quencher, more than 50 % of the excitons created in a
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Figure 2. a) Simulations of the fraction of excitons harvested versus en-
ergy donor film thickness for diffusion-only with a diffusion length of
5 nm (solid line) as well as diffusion plus hetero-energy transfer with För-
ster radii of 1 nm (squares), 2 nm (circles), 3 nm (triangles), and 4 nm
(diamonds). Dashed lines are simulations incorporating effective diffu-
sion lengths of 5.2 nm, 9.6 nm, 18.8 nm and 35.5 nm. b) Simulations
showing the effect of varying the energy acceptor film thickness. Curves
are shown for diffusion only with LD = 3 nm (solid black curve), and for
acceptor film thicknesses of 1 nm (circles), 4 nm (triangles), 10 nm
(squares), and infinite thickness (diamonds) all for Ro = 4 nm.



50 nm film are harvested to a planar interface and about 90 %
of the excitons are harvested in a 20 nm film. In this system,
when energy transfer can occur and there is strong coulomb
coupling, the effective diffusion length is increased by nearly
an order of magnitude.

Because all excitons transferred to the energy acceptor
must ultimately migrate back to the donor-acceptor interface
where they may be split, it is important to investigate the in-
fluence of exciton harvesting on energy acceptor film thick-
ness. Figure 2b shows simulations of exciton harvesting for
different acceptor film thicknesses.

The solid black curve corresponds to intrinsic diffusion with
a diffusion length of 3 nm. Simulations are also shown when
energy transfer is included and the energy acceptor film thick-
ness is 1 nm (circles), 4 nm (triangles), 10 nm (squares), and
infinite (diamonds) thickness. The largest enhancement is

seen between the simulation of diffusion only and the simula-
tion incorporating energy transfer with a 1 nm thick acceptor
layer. Further enhancement is seen, particularly at larger do-
nor film thicknesses, upon increasing the value of the acceptor
film thickness to 4 nm and more to 10 nm, which is not far
from the predictions of an infinitely thick acceptor film. This
demonstrates that the first few monolayers of the energy ac-
ceptor film are the most important, and shows that a surface
modification scheme whereby the energy acceptor is placed
only at an interface to enhance exciton harvesting is poten-
tially a viable approach to engineer better exciton harvesting
in ordered bulk heterojunction cells using an inorganic scaf-
fold.

One should be concerned with the amount of energy lost
during the exciton harvesting process when incorporating För-
ster transfer since any loss in energy during the processes be-
tween exciton photogeneration and charge carrier extraction
in a photovoltaic device directly reduces the maximum
achievable photovoltage. Since the absorption spectrum of
the acceptor must overlap the emission spectrum of the do-
nor, we argue that incorporating long range energy transfer
leads to a lowering of the maximum achievable photovoltage
by roughly the difference between absorption and emission
energies of the donor material. As exemplified by rigid mole-
cules like the acenes and some ladder polymers, this energy
loss can be as low as 0.1 eV.[50,51]

We have fabricated various planar heterojunction solar cels
(DOW Red/PTPTB and MEH-PPV/PTPTB). In these sys-
tems highly efficient exciton harvesting is seen through photo-
luminescence quenching experiments, but devices show ex-
tremely low (< 1 %) external quantum efficiencies. These
quantum efficiencies are even lower than in planar MEH-
PPV/TiO2 devices where only intrinsic exciton migration can
occur and no long range energy transfer is possible. The quan-
tum efficiencies of these devices are low because of the small
HOMO offsets between the energy donor and the energy ac-
ceptor. Further improvements will surely come by fabricating
donor-acceptor heterostructures with well-defined interfaces,
proper heterojunction energetics, and through the choice of
donor materials with higher photoluminescence efficiencies.

We have shown that long-range resonant energy transfer is
a viable scheme to harvest excitons over distances of more
than 25 nm. This scheme offers a straightforward route to en-
gineering efficient exciton harvesting by designing strongly
coupled donor-acceptor systems and greatly relaxes the do-
main-size requirements for ordered bulk heterojunction sys-
tems. Strong coulomb coupling occurs when the acceptor has
a high absorption coefficient, the donor has a high emission
efficiency, the transition dipoles are aligned, and the donor
emission spectrum overlaps the acceptor absorption spec-
trum.[28] Still further improvement should be seen when ab-
sorption and emission spectra move to lower energies as the
photonic density of states decreases, thereby enhancing non-
radiative long range transfer. Experiments on fabricating de-
vices have shown that for efficient exciton splitting, one must
ensure there is a sufficient driving force at the heterointerface
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Figure 3. a) Photoluminescence and absorption spectra of energy donor
(Dow Red) (solid line) and energy acceptor (PTPTB) (dashed line) show-
ing the strong overlap between the two. b) Fraction of excitons harvested
versus DOW Red film thickness on energy acceptor PTPTB (triangles)
and on the wide bandgap electron acceptor TiO2 (squares). The lower
solid curve is a simulation corresponding to a diffusion length of 3 nm.
The upper dashed curve is a simulation assuming an effective diffusion
length of 27 nm which indicates the superior exciton harvesting when
long range energy transfer is possible.



following energy transfer. While the long-range energy trans-
fer scheme presented above is intended for use in organic
photovoltaics, the ability to harvest excitons nearly 30 nm
from an interface should also be of interest for use in OLEDs,
organic biosensors, and other novel optoelectronic devices.

Experimental

DOW Red was obtained from the DOW Chemical Company and
used as received. MEH-PPV was purchased from ADS, Inc and used
as received. Dow Red polymer films of various thicknesses were de-
posited by spin coating in a nitrogen-filled glove box at 2000 rpm
from chlorobenzene solutions. By using solutions with a range of poly-
mer concentrations, we were able to deposit films with thicknesses
spanning 5–110 nm. The polymer thickness was measured using a
combination of X-ray reflectivity, atomic force microscopy (AFM),
and absorption spectroscopy. Polymer films were spin coated onto
glass substrates, glass substrates with < 5 nm thick titania films (for
measuring exciton quenching by intrinsic migration to the titania/
polymer interface and subsequent electron transfer), and glass with
∼ 8 nm thick films of thermally treated PTPTB (for measuring exciton
quenching by long range energy transfer). Thin titania films were fab-
ricated via a sol-gel route. Titanium(IV)-ethoxide was mixed with a
solution of 40:1 ethanol:(concentrated)HCl. Thin films of the titania
precursor were spin coated on glass substrates at 2000 rpm and ther-
mally treated at 150 °C in an oven for > 8 h to allow condensation and
densification of the thin films. Finally these films were calcined at
450 °C to crystallize the titania films. The PTPTB-derivative was
synthesized as previously described [27]. Films of the soluble deriva-
tive were spin cast from a chloroform solution and subsequent ther-
mal conversion to cleave and evaporate the solubilizing group was
performed by heating the films to 250 °C for 30 min in a nitrogen en-
vironment. The RMS roughness of all interfaces was found to be less
than 1 nm.

532 nm s-polarized light was used for excitation. Photolumines-
cence spectra were collected using a cooled-CCD camera. We used a
sealed chamber to hold the samples in nitrogen to protect the organic
films from photodegradation when they were removed from the glove
box.
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