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Abstract: Organic photovoltaics (OPVs) offer the opportunity
for cheap, lightweight and mass-producible devices. However,
an incomplete understanding of the charge generation process,
in particular the timescale of dynamics and role of exciton
diffusion, has slowed further progress in the field. We report
a new Kinetic Monte Carlo model for the exciton dissociation
mechanism in OPVs that addresses the origin of ultra-fast
(< 1 ps) dissociation by incorporating exciton delocalization.
The model reproduces experimental results, such as the
diminished rapid dissociation with increasing domain size,
and also lends insight into the interplay between mixed
domains, domain geometry, and exciton delocalization. Addi-
tionally, the model addresses the recent dispute on the origin of
ultra-fast exciton dissociation by comparing the effects of
exciton delocalization and impure domains on the photo-
dynamics.This model provides insight into exciton dynamics
that can advance our understanding of OPV structure–function
relationships.

The prospect of ultra-thin, mechanically flexible, mass-
producible, and low-cost solar cells has stimulated much
research in organic photovoltaics (OPVs). While significant
progress has been made in understanding OPV structure–
function relationships, important questions remain pertaining
to the fundamental chemistry and physics underlying their
operation. In the conventional description, photoexcitations
rapidly thermalize into spatially confined electron–hole pairs
(excitons). These excitons are strongly bound due to the low
dielectric constants of typical organic materials, making it
energetically demanding to split into constituent electrons
and holes—the first requisite step for photocurrent genera-
tion.[1, 2] Introducing a complementary material with a suffi-
ciently high electron affinity (acceptor) for electron transfer,

or low ionization potential (donor) for hole transfer, enables
efficient conversion of excitons into charge-separated species
(exciton dissociation), with the hole residing in the donor
phase and the electron in the acceptor phase.[3,4] In this model,
excitons sample the OPV active layer volume as diffusing,
point-like species, and the timescale of exciton conversion to
separated charges is limited solely by the time required for
excitons to diffuse to a donor–acceptor interface (hetero-
junction).[5, 6] In this contribution, we propose a new model
incorporating initial exciton delocalization that explains
recent experimental findings of ultra-fast exciton dissociation
that cannot be reconciled by previous models.

Until recently, prevailing theories of exciton dissociation
postulated that molecular excitons hop randomly from one
site to another via Fçrster energy transfer.[7,8] This view was
strongly informed by early work on vapor-deposited bilayer
OPVs. In bilayer OPVs, limited exciton diffusion leads to
incomplete exciton dissociation, low photocurrent produc-
tion, and modest power conversion efficiencies of ca.
1%.[3, 4, 9–11] This microstructure differs substantially from the
smaller bicontinuous domains (< 20 nm) of active layers
found in high-efficiency bulk heterojunction (BHJ) polymeric
devices.[12–14] Bulk heterojunction structures offer the advant-
age that excitons need diffuse only a short distance (10–
20 nm) before reaching a heterojunction. Small domains
ensure that excitons reach donor–acceptor interfaces before
recombining, leading to higher densities of mobile free
charges and ultimately, enhanced OPV performance.

Given the small domain sizes of typical BHJ active layers,
fairly rapid exciton dissociation might be expected. However,
recent studies show that the majority of excitons are
dissociated within 1 ps of excitation in efficient BHJ sys-
tems[15, 16]—far more rapidly than would be consistent with
simple point-like diffusion, even involving small domains.
Ultra-fast dissociation, on timescales competitive with exci-
ton localization, calls into question the validity of assuming
localized excitons as the reference state for understanding the
dynamics. These observations recently led some groups to
hypothesize that exciton delocalization may explain the
timescale of dissociation.[17,18] If the initial state is delocalized
(Wannier exciton) (illustrated in Figure 1 A below), this
would reconcile the dissociation timescale with the donor
and acceptor phase dimensions in BHJ cell active layers. The
delocalization hypothesis is also supported by spectroscopic
observations of coherent exciton diffusion[19] and photoem-
ission,[20] that suggest the timescale for exciton localization
may be slower than previously thought.

In contrast to the above delocalization picture, it is also
possible to describe the timescale of exciton dissociation by
simply considering that the donor and acceptor phases are
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impure. For instance, recent morphological studies have
identified the presence of mixed phases, regions of the
active layer marked by disorder and molecular mixing of the
donor and acceptor materials.[23, 24] The generality of pure
domains has been questioned, with mounting evidence that
typical fullerene acceptors are miscible to some degree with
various donors. Separate studies have established that in some
blends pure phases are absent, with acceptor molecules
intercalating with donor phases at densities of up to 30 % by
volume.[25, 26]

To date, no model describing the coexistence of ultra-fast
and diffusion-limited exciton dissociation has been available.
Here we present a new model that reproduces the exper-
imental fractions of ultra-fast and diffusion-limited dissocia-
tion, by combining initial exciton delocalization with subse-
quent exciton localization and diffusive hopping. Using this
model, we then examine the contrasting mechanisms for
ultra-fast dissociation, and initial delocalization, versus
impure domain-mediated dissociation. We employ kinetic
data from several published low-intensity transient absorp-
tion studies to serve as a reference for our simulations
(Figure 1C). This dataset includes several donor polymers
and a high-performing small-molecule donor, all blended with
fullerenes, in addition to a polymer:polymer BHJ system
(Figure 1B).[15, 16,18, 22, 23] Each kinetic trace reveals an ultrafast
component that is limited by the instrumental response of the
particular experimental setup. The slower component (pico-
second rise time) is interpreted to be diffusion-limited, and its
magnitude increases with the degree of blend phase segrega-

tion. For example, PCPDTBT:PC60BM system 1 is highly
mixed when spin-cast without processing additives. In con-
trast, annealed P3HT:PC60BM films undergo phase segrega-
tion, as do F8TBT:P3HT blends, coinciding with larger
diffusion-limited spectral components.

The Kinetic Monte Carlo[27] formalism, which has been
used extensively to model hopping regime transport,[28] is
used here to model exciton diffusion in BHJ donor materials.
Diffusion is modeled by assuming excitons hop from site to
site with an experimentally determined rate. A donor site is
chosen at random as the excitation site, and the exciton is
initially (t0 = 0) delocalized a variable distance d over the x-
axis, which represents the donor backbone (Figure 1A).
While excitons are only generated on the donor sites in this
study, the results are also relevant to charge generation in the
acceptor (fullerene) domains. Extended conjugation enables
delocalization of the initial excited states along the conju-
gated backbone.[29] Delocalization can vary from a few � to
mm,[20] depending on the chemical composition, purity, macro-
molecular planarity, and order of the material.[30–32] While
excited state delocalization can be extensive, it is often short-
lived, typically localizing to small areas in less than 1 ps.[31] In
the present model, it is assumed that if any portion of the
initially delocalized exciton reaches an interface, it undergoes
dissociation. After the first exciton hop, at time step > 1 ps,
the exciton is localized (Figure 1 A) on one donor site (d =

1 nm) and then diffuses to neighboring donor sites by Fçrster
energy transfer.[33] The localized (Frenkel) exciton proceeds
to diffuse via Fçrster energy transfer until it either reaches

Figure 1. A) Schematic depiction of exciton localization processes in a BHJ phase with donor (green) and acceptor (purple) domain sizes =10 nm.
Left: exciton (yellow line) delocalized over multiple donor sites upon initial excitation. Right: after 1 ps the exciton localizes to one site.
B) Structures of bulk-heterojunction components investigated here. C) Exponential kinetic fits extracted from transient absorption data at low
laser fluence (<10 mJ cm�2).[15–17, 21, 22] Fraction of excitons dissociated is represented by the rise of cation signal as measured experimentally in the
donor materials. The spectra show both the ultra-fast and diffusion-limited generation of cations in polymer:fullerene and polymer:polymer
blends. Low laser fluences are important since exciton–exciton annihilation in the donor material at high laser intensities can mask the diffusion-
limited component. Labeling of samples 1–5 is based upon domain sizes of each system, with 1 being the smallest and 5 being the largest. There
are two data sets for P3HT (samples 3 and 4) corresponding to two different experimental studies.
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a donor–acceptor interface, or recombines. At the beginning
of each simulation, a recombination time, tr, is chosen from
a Gaussian distribution centered on the experimental recom-
bination rate, rr, of an exciton in the well-characterized donor
polymer poly(3-hexylthiophene) (P3HT). If the simulation
reaches tr, then the exciton will recombine. A more detailed
description of the model and parameter values is given in the
Supporting Information.

The heterojunction is modeled site-wise with equal
proportions of donor and acceptor sites. The sites are placed
on a 3D cubic lattice with periodic boundary conditions in all
directions. Each site is assumed to be 1 nm3 in size, and there
are 30 sites in each direction (x,y,z = 30 nm with 27000 total
sites). The exciton has a weighted diffusion rate along each
axis corresponding to different hopping rates along the
backbone (x-axis), p stacking direction (z-axis), and lamellar
dimension (y-axis).[34] In the present analysis, the Ising
method is used to generate domains on the 3D cubic lattice
(for more information on the method and specific parameters
used, see the Supporting Information).[35] This method can
produce morphologies that simulate both mixed and pure
domains (Figure 2). By running simulations over many
morphologies, morphological contributions to the exciton
dynamics can be stochastically examined.

Domain sizes are chosen to be 5, 10, 15, and 20 nm which
are considered relevant to these devices (Figure 2).[36,37]

Additionally, dispersed domains are modeled to capture the

behavior in systems with disordered domains. For each
domain size the excitons are assigned varying initial degrees
of delocalization, d, 1, 5, and 10 nm. The delocalization
lengths are chosen to correspond to different reported values
of the delocalization for various materials and processing
conditions.[19, 38, 39] Each data set represents 10000 simulations
per morphology over 10 different morphologies.

Figure 2 shows the fraction of dissociated excitons versus
time for a variety of domain sizes and degrees of delocaliza-
tion. In the ultra-fast temporal regime (t< 1 ps), for small
domains (� 5 nm), nearly all excitons are dissociated at 10 nm
of delocalization. With 1 and 5 nm delocalization, a small
population of excitons is dissociated after localization. As the
domain size is increased, fewer excitons are dissociated
instantaneously across all three initial delocalization lengths.
Additionally, for large domain sizes (20 nm), not all excitons
are dissociated, corresponding to the exciton diffusion limit
and reduced charge generation.

Note that these results reproduce the experimental
findings of Figure 1C well, and comport with the reported
morphologies of each material. For example, both Grancini
et al. and Yamamoto et al. report for materials 1 and 2 in
Figure 1, complete ultra-fast dissociation (< 1 ps) in their
experiments, which is compatible with the high degree of
mixing between the amorphous polymers and PC60BM
acceptor in those materials systems. The large diffusion-
limited component observed for the polymer:polymer system
5 also corresponds well to the large domain simulations, and
at least partially explains the low quantum efficiencies
reported to date for polymer:polymer blends.

In both experiment and this model, there is a significant
exciton population that dissociates in < 1 ps, even in the
absence of delocalization—in the largest domains, ca. 40 % of
excitons undergo dissociation before diffusion occurs. This
effect arises solely from the large surface to volume ratio and
the typically high fractal dimensionality of the domains. In our
view, this raises the threshold at which exciton delocalization
must be invoked, since geometric arguments alone plausibly
explain up to 40 % of the prompt exciton dissociation. In
contrast, systems such as annealed P3HT:PC60BM exceed
this threshold, and are thought to have sizable pure domains.
In such systems, it is arguable that if ultra-fast exciton
dissociation were solely the result of impure mixed domains,
then poor collection features, not observed experimentally,
would mark these devices.

As shown here, ultra-fast exciton dissociation in materials
with sizable phase-pure domains is compatible with the initial
delocalization of excitons. However, the simple geometric
factor identified here, along with the possible presence of
mixed domains, suggests that delocalization evidence based
solely on prompt exciton dissociation requires heightened
scrutiny. The initial delocalization potentially increases the
exciton volumetric footprint, increasing the probability of
reaching an interface in a delocalized state. If the exciton does
not dissociate instantly, it then localizes and proceeds to
diffuse in the donor material as described by traditional
Fçrster energy transfer. As seen in the above experiments,
larger domains correlate with diminished ultra-fast dissocia-
tion if the delocalization dimensions remain constant. Larger

Figure 2. Predicted exciton dissociation for varying donor (green) and
acceptor (purple) BHJ domain sizes (dispersed, 5 nm, 10 nm, 15 nm,
and 20 nm) and varied initial delocalization of 1 nm (blue), 5 nm
(red), and 10 nm (black). A representative morphology image for each
domain is shown on the right using 3 layers from a lattice. Note that
in all morphologies there is an equal amount of donor and acceptor
material. Each data set represents 10 different morphologies generated
using the Ising algorithm for a given domain size averaged over 10000
exciton generation events.
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initial delocalization yields a higher percentage of excitons
dissociated in the ultra-fast time regime. The present method-
ology also makes it possible to calculate the effective
delocalization of an exciton in a given material if the
domain size of the BHJ donor material is known. This
model enables the computation of delocalization lengths in
materials and elucidation of structure-function relationships
between materials structure and delocalization length.

It is not yet clear if exciton delocalization is ultimately
essential for efficient exciton dissociation.[18] We note, for
example, that several BHJ materials that exhibit a diffusion-
limited component have also produced> 90 % internal device
quantum efficiencies.[40–42] This result is incompatible with
a differential outcome for the ultrafast and diffusion-limited
populations of excitations. On the other hand, it seems
difficult to explain the dissociation times by impure do-
mains alone, since impure domains are also less favorable for
charge collection.[25,26] Intercalating systems that stoichio-
metrically dissolve fullerenes along the polymer backbone
provide an excellent illustration of the difficulty of extract-
ing charge from an impure domain. These systems show little
photocurrent generation and electron transport until suf-
ficient acceptor is introduced to create a percolating do-
main.[43]

It is also important to avoid conflating the mechanism by
which the excitation reaches the heterojunction with the
mechanism of charge transfer. For example, here we have
shown how excitations might access a heterojunction on the
femtosecond timescale. However, this still leaves the actual
mechanism of the ultrafast transfer unresolved. It is useful
here to consider the literature on donor–bridge–acceptor
chromophores which utilize structurally precise, covalently
linked donor and acceptor molecules to study charge transfer.
These systems guarantee contact between the donor and
acceptor units, yet typically exhibit charge transfer on the
order of picoseconds, significantly longer than the ultra-fast
(< 1 ps) charge transfer observed in BHJ blends.[44] A
comparison between these two bodies of research suggests
that the intimate contact provided by the BHJ alone is
insufficient to explain the timescale of charge transfer.

In summary, a new model is proposed that reproduces the
experimental exciton dissociation behavior of efficient BHJ
OPVs. By combining the concept of initial exciton delocal-
ization with Fçrster energy transfer, both the ultra-fast and
slower dissociation processes can be incorporated in this
model. The model reproduces experimental results, such as
the diminished rapid dissociation with increasing domain size,
and also lends insight into the interplay between mixed
domains, domain geometry, and exciton delocalization. We
show that up to 40 % of the ultrafast component can be
explained by geometric factors alone. Additionally, the
remaining ultrafast dissociation can be equivalently explained
by impure domains or exciton delocalization. These results
strongly suggest heightened experimental scrutiny of deloc-
alization arguments based solely on pump–probe kinetic
traces. When combined with transient absorption kinetics, the
present model can predict the ratio of domain size to the
effective exciton delocalization, providing further insight into
the underlying OPV chemistry and physics, and suggests

opportunities to measure the extent of delocalization for
a given donor material.
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