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P
hotovoltaic cells based on organic
semiconductors are attractive for their
inherent compatibility with lightweight

substrates and high throughput processing
techniques.1 Indeed, the performance of
these devices continues to increase, with
multiple groups reporting devices having
efficiencies in the range of 8�12%.2�8 To
realize efficient power conversion, the
tightly bound excitons generated under
optical excitation must be efficiently disso-
ciated, and the constituent electronic
charges separated and collected.9 The ex-
citonic character of the excited state thus
introduces a unique challenge into the
photoconversion process, namely, how to
realize dissociation and maximize exciton
harvesting. In most organic photovoltaic
cells (OPVs), dissociation is affected at an
electron donor�acceptor (D�A) interface.
Consequently, the efficiency of exciton har-
vesting depends strongly on the ability
of excitons to reach the D�A interface.
Straightforward exciton migration is often
exacerbated by a short exciton diffusion
length (LD), relative to the optical absorption
length in most organic semiconductors.10

To date, researchers have responded to
the discrepancy between LD and the
absorption length in two ways. The first,
involves the use of techniques to increase
the bulk diffusion length of the organic
active materials.11�20 While some success
along these lines has been realized, the
observed increases in LD have not to date
translated into record efficiency operation.
The second approach is to utilize the bulk
heterojunction (BHJ) architecture in which
the donor and acceptor materials are
blended in order to realize a large interfacial
area for dissociation, and continuous path-
ways for charge collection.21,22 The BHJ is
ubiquitous in the field of OPVs, and alto-
gether circumvents the exciton transport
step, presenting instead the new challenge
of how best to engineer film morphology
to satisfy the simultaneous constraints for
efficient exciton and charge harvesting.23

Much effort in the optimization of OPV
architecture reflects a fundamental chal-
lenge in solid-state physics, namely, how
to direct the motion of the neutral exciton.
In inorganic semiconductors, excitonic phe-
nomena are often not considered at room
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ABSTRACT Exciton transport in organic semiconductors is a critical, mediating process in many

optoelectronic devices. Often, the diffusive and subdiffusive nature of excitons in these systems can limit

device performance, motivating the development of strategies to direct exciton transport. In this work,

directed exciton transport is achieved with the incorporation of exciton permeable interfaces. These

interfaces introduce a symmetry-breaking imbalance in exciton energy transfer, leading to directed

motion. Despite their obvious utility for enhanced exciton harvesting in organic photovoltaic cells (OPVs),

the emergent properties of these interfaces are as yet uncharacterized. Here, directed exciton transport

is conclusively demonstrated in both dilute donor and energy-cascade OPVs where judicious optimization

of the interface allows exciton transport to the donor�acceptor heterojunction to occur considerably

faster than when relying on simple diffusion. Generalized systems incorporating multiple exciton permeable interfaces are also explored, demonstrating

the ability to further harness this phenomenon and expeditiously direct exciton motion, overcoming the diffusive limit.
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temperature due to their low binding energy and
straightforward dissociation via thermal energy.24

When present, the large radius of the Wannier-Mott-
type excitons of these systems permits some degree of
spatial manipulation via applied electric fields.25�27 In
organic semiconductors, the localized Frenkel-type
exciton is strongly bound, making manipulation with
an applied field more difficult. In fact, a consistent
scheme for biasing exciton motion has yet to be
presented in organic semiconductors. The ability to
direct exciton transport would have broad application,
of particular note for exciton harvesting and photo-
conversion in an OPV.
Here, we demonstrate the usefulness of a to-date,

untapped route for directed energy transfer and en-
hanced exciton diffusion in organic semiconductors. In
particular, we demonstrate that while gains in exciton
harvesting are possible with enhanced bulk LD, a more
effective approach involves introducing exciton
permeable interfaces that intentionally bias energy
transfer toward the D�A interface. Such passive ex-
citon gates break the symmetry associated with nor-
mal diffusion and exploit transport in an apparent
superdiffusive regime. With the use of these interfaces,
large diffusion efficiencies are realized without the
need to increase the area of the dissociating interface.
Here, the diffusion efficiency (ηD) refers to the prob-
ability that a photogenerated exciton within an active
layer samples the D�A interface.
A passive exciton gate may be realized at the inter-

face between two materials (Figure 1a) where there
exists an imbalance in the forward and reverse exciton
transfer rates. This imbalance may arise from a number
of different material or device configurations. For ex-
ample,Material 1 in Figure 1a may be a donor material
with a larger energy gap than Material 2.28,29 A pair of
donor layers satisfying this criterion is often a critical
component of an energy-cascade OPV.3,30�34 In such a
structure, an exciton to the left of the interface has a
nonzero probability ofmoving either left or right, while
an exciton on the right of the interface may only move
to the right due to conservation of energy. Thus, an
interface of this type relies on an energetic asymmetry
to realize the required rate imbalance.
A second configuration that can lead to a similar

asymmetry in rates requires an interface between
dilute and neat layers of a single active molecular
species.11,34 Using the schematic of Figure 1a,Material

1 is a layer of donor material diluted into a wide energy
gap matrix, whileMaterial 2 is a neat layer of the same
donor. In this configuration, there is no energetic
asymmetry as the exciton is confined to the donor
species on both sides of the interface. There is, how-
ever, a difference in themolecular site density between
the dilute and neat materials, creating the required
asymmetry. For an exciton immediately to the left
of this interface, dilution reduces the number of

molecular destination sites in the dilute layer relative
to the neat layer, and the same holds for excitons on
the right side of the interface. Since the rate of hopping
is proportional to the number of sites, the site imbal-
ance creates an asymmetry in hopping rates.

RESULTS AND DISCUSSION

Here, we present results demonstrating exciton
gating and enhanced exciton transport for architec-
tures exploiting both the energetic and site density
asymmetries discussed above. To isolate the role of the
interface in determining the overall efficiency of ex-
citon transport, a Kinetic Monte Carlo (KMC) formalism
is developed to solve the 1-D exciton diffusion equa-
tion across exciton permeable interfaces. The advan-
tage of this stochastic solution is that the boundary
condition for the permeable interface does not need to
be known a priori, and can be, instead, constructed by
identifying the imbalance in exciton energy transfer
rates at the interface. Other device related boundary
conditions, such as exciton reflecting and dissociating,
may also be easily incorporated as appropriate.35 Care
is taken to ensure that the KMC solutions agree with
analytical solutions for cases without permeable inter-
faces. Figure 1b demonstrates the drastic effect that an
imbalance in energy transfer rates can impart on the
steady state exciton density in a model OPV multilayer
system. Here, k12 and k21 are the energy transfer rates
to Material 2 and Material 1, respectively. When the
rates are equal, no imbalance is present and the

Figure 1. (a) Exciton permeable interfaces are characterized
by nondestructive flux between two materials. The imbal-
ance at the interface is defined as k12/k21. (b) Normalized
exciton density for the schematic system as a function of
imbalance at the permeable interface. Here, the increasing
imbalance in energy transfer leads directly to a discontinu-
ity in the exciton density, characterized by the depletion
and pile-up of excitons on the side of the interface to which
energy transfer is favored.
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conventional, continuous solution is retained. The
presence of imbalance, however, leads to a disconti-
nuity in the exciton density at the permeable interface.
The discontinuity reflects a depletion and pile-up of
excitons, with a net movement toward the side of the
interface to which energy transfer is favored. In this
model system, the imbalance at the interface is bene-
ficial for exciton motion rightwards, thereby also in-
creasing the flux of excitons toward the dissociating
interface adjacent to Material 2.
As discussed, the interface between dilute and neat

layers of donor material forms an exciton gate due to
an asymmetry in transfer rates. Recently, such dilute
donor OPVs have shown a 30% enhancement in ηP
relative to undiluted control devices.11 In these de-
vices, dilute layers of the archetypical electron donat-
ing molecule boron subphthalocyanine chloride36�38

(SubPc) dispersed in the wider energy-gap host ma-
terial p-bis(triphenylsilyl)benzene39 (UGH2) show a
50% increase in the LD of SubPc owing to optimized
Förster energy transfer and intermolecular interaction.
The increase in bulk LD leads to an enhancement in ηD
when incorporated as part of a multilayer donor
structure (Figure 2a). Notably, an exciton permeable
interface exists between the 12 nm-thick dilute layer of
variable concentration and the 5 nm-thick layer of neat
SubPc. Note that the undiluted control device is opti-
mized with a 13 nm-thick layer of SubPc. The enhance-
ment in ηD for these structures is, consequently, a
combination of both bulk diffusion and interface ef-
fects. To model exciton migration in these devices,
proper consideration of energy transfer at the perme-
able interface is critical. In addition to the imbalance in

molecular site density, the variation in average inter-
molecular separation (d1 > d2) manifests imbalance
across the permeable interface through the concen-
tration dependence of the self-Förster radius (self-R0)
and the distance dependence for the rate of Förster
energy transfer. These contributions are pictured sche-
matically in Figure 2a.
To confirm the validity of this model, photolumines-

cence quenching experiments and complementary
simulations were performed for a two-layer system
where the outer layer consists of a 20 nm-thick layer
of 50 wt % SubPc dispersed in UGH2, while the 10 nm-
thick inner layer has a variable SubPc concentration
(Figure 3a). Photoluminescence (PL) is measured with
and without the presence of an adjacent 10 nm-thick
layer of naphthalene-1,4,5,8-tetracarboxylic acid dian-
hydride (NTCDA). Experimental photoluminescence
ratios are defined as the ratio between quenched
photoluminescence (PLQ) and unquenched photo-
luminescence (PLUQ). Simulated photoluminescence
ratios are generated using the KMC approach for
two situations namely, with and without the rate
imbalance at the exciton permeable interface. Model-
ing the experimental photoluminescence ratios, con-
sequently, provides a direct confirmation for the
presence and the sources of the rate imbalance.
Further experimental details can be found in the
Supporting Information.

Figure 3. (a) Schematic for the multilayer photolumines-
cence quenching experiment designed to confirm the pre-
sence of exciton gating at the permeable interface located
between the 50 wt % and X wt % SubPc layers. (b) Experi-
mental and simulated photoluminescence ratios as a func-
tion of interlayer concentration. Simulations are shown for
results with and without accounting for gating at the
exciton permeable interface. (c) Also shown is the tabulated
exciton diffusion efficiency as a function of interlayer con-
centration when gating is properly included.

Figure 2. (a) The layer structure for a dilute donor OPV
where directed exciton transport results from an imbalance
in molecular site density and intermolecular separation
(d1 > d2). (b) Molecular structures for SubPc and UGH2.
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Agreement between experimental and simulated
photoluminescence ratios is only achieved when im-
balance (gating) at the permeable interface is included
(Figure 3b). Interestingly, when the effect of the exciton
permeable interface is correctly included, ηD is opti-
mized for an inner layer comprised of undiluted SubPc
(Figure 3c). This counterintuitive result contrasts the
notion that exciton harvesting is optimized by incor-
porating active materials with the longest LD and
confirms that the interface plays a critical role in driving
excitons toward the D�A interface. This result has not
previously been reported or quantified in OPVs and
provides an entirely new axis for device design.
Figure 4a shows the measured external quantum

efficiency (ηEQE) at a wavelength λ = 590 nm, cor-
responding mainly to SubPc absorption, as measured
for the architecture in Figure 2 from ref 7.11 A transfer
matrix formalism is employed to model the incident
optical field responsible for photon absorption and
exciton generation.35 Simulated values of the ηEQE,
absorption efficiency (ηA), and ηD are calculated using
the KMC model and are shown as a function of dilute
layer concentration. Excellent agreement with experi-
ment is found when an additional, concentration in-
dependent loss term equal to 0.85 is included. Here,
ηEQE=ηAηDηCTηCC= 0.85ηAηDwhereηCT andηCC are the
charge transfer and charge collection efficiencies, re-
spectively. Losses are expected and may reflect exciton
quenching at the MoOx anode buffer layer and a
nonunity collection efficiency.40 Previous work has
shown that the acceptor ηEQE and device fill factor
remain constant for all dilutions g25 wt % SubPc,
precluding a concentration-dependent value of ηCC.

11

Interestingly, ηD increases continuously upon dilution.

To confirm the origin of the enhanced ηD, Figure 4b
displays the separated diffusion efficiencies for the
dilute (ηD

Dilute) and neat layer (ηD
Neat) as a function of

concentration. The separate values of ηD are simulated
for the actual device (Figure 2a) with a rate imbalance at
the interface as well as for an artificial device where no
imbalance is present. For the latter, the hopping rates
within and between each layer are identical, and the
exciton lifetimes are adjusted to reflect the proper bulk
LD (see Supporting Information). Here, LD = (Dτ)1/2

where D is the exciton diffusivity, related to the rate of
energy transfer, and τ is the exciton lifetime. The
simulation of the artificial devices allows for the deter-
mination of ηD based solely on changes to the bulk LD.
Dilution is capable of achieving very large imbalances
(k12/k21∼ 100�1000) in energy transfer, yielding ηD

Dilute

and ηD
Neat significantly larger than those obtained from

simply considering increases in bulk LD. The ηD
Neat

increases upon dilution owing to more effective reflec-
tion at the gating interface due to a reduction in k21. The
ηD
Dilute increases from ηD

Dilute = (56.9 ( 1.1)% to a max-
imum value of ηD

Dilute = (74.6 ( 1.5)%. Of this enhance-
ment, 20% results from favorable changes in bulk LD
with the remainder resulting from the gating effect of
the interface. It should be noted that the ηD

Dilute increase
shown here is compared to a 13 nm-thick neat layer of
SubPc. If it was compared to an equally thick layer
(17 nm), the increasewould be even larger. Remarkably,
a total donor layer ηD > 85% is achieved without
resorting to a corrugated interface morphology or a
BHJ architecture where the large D�A interfacial area
circumvents diffusion altogether. This imbalance is also
achieved for a flat energetic landscape that, in principle,
creates no significant asymmetry for charge transport.

Figure 4. (a) Simulated andmeasuredηEQE for dilute donorOPVs aswell as the correspondingabsorption (ηA) anddiffusion (ηD)
efficiencies. (b) Separated ηD for the dilute and neat layers as a function of dilute layer concentration and comparison of an
artificial OPV that has no imbalance at the permeable interface. While the artificial devices only account for changes in the bulk
LD with dilution, significant enhancements in the ηD are achieved when the imbalance at the permeable interface is included.
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Beyond dilute donors, examples of other OPV
architectures that incorporate passive exciton gates
exist;yet remain under-characterized. This stochastic
approach, however, can elucidate the exact nature of
exciton transport in these devices. Energy-cascade
OPVs, for example, derive an imbalance in energy
transfer from differences in energy gap. In such a
configuration, downhill and sometimes long-range
energy transfer41,42 can take place from a larger
energy-gap donor to a lower energy-gap donor as is
the case for SubPc (Eg = 2.0 eV) to boron subnaphtha-
locyanine chloride (SubNc, Eg = 1.8 eV).43,44 Förster-
type energy transfer from SubPc to SubNc is favorable

due to their complementary photoluminescence
and absorption spectra. A prediction for the Förster
radius45,46 (R0) from SubPc to SubNc yields R0 = 2.1 nm,
whereas the reverse transfer is very improbable with
R0 ∼ 0 nm. Therefore, a perfect rate imbalance can be
achieved leading to enhanced ηD in both donor layers.
In this work, energy-cascade OPVs are fabricated
according to the layer structure in Figure 5a where
the total donor layer consists of a 10 nm-thick layer of
SubPc followed by a variable thickness layer of SubNc.
A 42 nm-thick C60 acceptor layer is used followed by
a 10 nm-thick bathocuproine (BCP) exciton blocking
layer and a 100 nm-thick Al cathode. Measurements of

Figure 5. (a) The layer structure for energy-cascadeOPVswhere exciton energy transfer betweenwide energy gap SubPc and
narrow energy gap SubNc. Also shown is the molecular structure for SubNc. (b) Current�density�voltage characteristics
for the champion cell incorporating a 6 nm-thick layer of SubNc measured at 100 mW/cm2 AM1.5G solar illumination.
(c) Simulated and measured ηEQE at wavelengths corresponding to regions of predominant absorption for both SubPc and
SubNc, respectively. (d) Simulated ηD for both SubPc and SubNc for the as measured OPV as well as an artificial OPV that has
no imbalance at the permeable interface.
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the power conversion efficiency (ηP) reveal that these
devices can be quite efficient with ηP = (4.4 ( 0.2)%
when incorporating a 6 nm-thick SubNc layer. The
current�density�voltage characteristics of the cham-
pion cell are shown in Figure 5b. For comparison, theηP
values for single, neat donor planar heterojunction
OPVs paired with a C60 acceptor based on SubPc and
SubNc are ηP = 3.3% and ηP = 2.4%, respectively.
The KMC model for exciton diffusion in cascade

structures incorporating exciton permeable interfaces
allows for the accurate prediction of the ηEQE. Here, the
ηEQE is modeled for SubPc and SubNc at λ = 590 and
700 nm, respectively, corresponding to regions of
predominant absorption for each material, respec-
tively (Figure 5c). The KMC model accurately repro-
duces the experimentally obtained ηEQE with LD =
15 nm for SubNc and the previously measured value
of LD = 10.7 nm for SubPc.11 A thickness independent
loss term of 0.75 is needed to make the KMC predicted
ηEQE agree with the measured ηEQE. Such a loss term is
expected since the KMC model does not address
charge collection losses, similar to the dilute devices
discussed previously.
To directly investigate the effect of the exciton

permeable interface on ηD in this energy-cascade
structure, ηD is separately simulated for each donor
layer and compared to a device where no imbalance is
present at the interface (see Supporting Information).
Only excitons generated in SubPcwill contribute to the
ηD
SubPc, with the same being true for excitons generated

on SubNc and the ηD
SubNc. As can be seen from

Figure 5d, the addition of the interface increases the
diffusion efficiency for the SubPc and SubNc layers by
50% and 20%, respectively. The increase in the ηD

SubPc is
a result of directed energy transfer to the SubNc layer
at the exciton permeable interface. Since there can be
no reverse energy transfer from SubNc to SubPc,
excitons that are generated in the SubNc layer experi-
ence effective reflection at the permeable interface,
thereby also increasing ηD

SubNc. Such drastic effects on
ηD, and ultimately device photocurrent, can only be
quantified by correctly modeling the imbalance in
energy transfer at the exciton permeable interface.
So far, only systems incorporating a single perme-

able interface have been studied, warranting further
investigation into multiple interface systems. Inspec-
tion of themean-squared displacement as a function of
time elucidates the connection between number of
permeable interfaces and the nature of exciton diffu-
sion. To do so, a generic system consisting of 16 1 nm-
thick bins is modeled. The first interface is introduced
by discretizing the system into two layers, one repre-
senting a very dilute layer (e.g., 1 wt %) with LD = 10 nm
and one representing a nearly undiluted layer (e.g.,
99 wt %) with LD = 1 nm, depicted schematically in
Figure 6a. Rates are extracted from LD with a lifetime of
τ = 1 ns. A simple molecular site density rationale

is used for quantifying the imbalance in energy trans-
fer at the interface(s). To inspect the mean-squared
displacement versus time, a large population of exci-
tons is injected through a 5 nm-thick layer of the most
dilute material and into the multiple interface system.
Importantly, the simulation is ended when the first
excitons reach the opposite side of the structure. The
system is further discretized into 4, 8, and 16 layers
containing 3, 7, and 15 exciton permeable interfaces,
respectively. A linear interpolation is used to determine
the specific rates of energy transfer and relevant
molecular concentrations for each layer. For example,
the 4-layer system would contain layers with concen-
trations of 1, 34, 67, and 100 wt % with corresponding
LD of 10, 8.2, 5.8, and 1 nm, respectively.
Figure 6b shows the mean-squared displacement

versus time for the various multilayer structures. At
short times, the structures behave nearly identically.
This is consistent since they all contain an identical,
5 nm-thick injection layer whereby the excitons are all
sampling an identical, diffusive environment at very
short times. However, when the first excitons reach the
permeable interface 10�30 ps after injection, the
mean-squared displacement begins increasing faster
with time, especially for the systems with a larger
number of permeable interfaces. In fact, regions of

Figure 6. (a) Scheme describing the model experiment
where imbalance is derived from differences in molecular
concentration. (b and c) Mean-squared displacement and
R (Æx2æ = βtR) versus time as a function of the number of
exciton permeable interfaces. The increase in slope in
(b) signals an R > 1, indicating apparent superdiffusive
exciton transport.
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the plot with slopes greater than unity indicate appar-
ent superdiffusive behavior for the overall structure.47

To verify, Figure 6c displays the derivative of the data in
Figure 6b whereR, the slope, is defined from Æx2æ = βtR.
Values of R > 1 and R < 1 signify super- and subdiffu-
sive motion, respectively. Clearly, the structures with
the greatest number of permeable interfaces show the
largest degree of apparent superdiffusive motion, with
R reaching apeak valueofR∼ 1.5. Furthermore, thepeak
inR occurs at increasingly shorter times as the number of
permeable interfaces is increased.We stress that directed
energy transfer only occurs at the permeable interface,
and energy transfer events within the bulk of a layer still
lead to diffusive motion within that given layer.
To investigate how efficiently an exciton can practi-

cally traverse the various multilayer structures from
Figure 6, excitons are again injected into the most
dilute layer. However, now, no injection layer is in-
cluded, and the excitons are permitted to decay ac-
cording to their natural lifetime. Excitons that reach the
opposite end of the layered system are said to be
collected, characterized by a transport efficiency, ηT.
The time taken by the excitons to traverse the system is
denoted as the transit time. This experiment is de-
picted schematically in Figure 7a.
A histogram of the final exciton locations for each of

the structures is presented in Figure 7b�e. Exciton
gating occurs on the more concentrated side of each
permeable interface. Additionally, as the number of
permeable interfaces increases, the relative difference
in exciton density between adjacent bins decreases.
This is likely due to smaller imbalances in energy
transfer rates across the interface since the changes
in concentration occur in finer steps as more interfaces
are added. In the 16-layer system, where the rates
change continuously, there is a constant increase in
exciton density across the structure. Coupled to the

deeper penetration of excitons into this system is a
concomitant increase in the ηT (Figure 7f). Indeed, nearly
20% of excitons injected into bin 1 are able to traverse
the 16 nm layer structure in the 16-layer system even
though the average LD is only∼6nm. Furthermore, these
excitons are collected on a dramatically shorter time
scale with the majority being transported below their
natural exciton lifetime of τ = 1 ns (Figure 7g). Beyond
designing systems for optimal exciton collection, exciton
permeable interfaces could also be designed to confine
or redistribute excitons faster than could normally be
achieved with purely diffusive motion.
From the multiple cases presented in this work, it is

clear that exciton permeable interfaces can play an
impactful role in engineering exciton transport in
planar heterojunction OPVs. In fact, developing an
improved understanding of the phenomena that drive
imbalances in energy transfer may serve to shift the
paradigm from one that simply optimizes diffusion by
enhancing LD or circumvents diffusion via the BHJ to
one that deeply considers the properties of exciton
permeable interfaces.
In the case of the energy-cascade OPVs modeled

based on the donor pairing of SubPc and SubNc,
variations in the energy-gap are able to increase the
ηD for both constituent layers. Such a configuration is
favorable in terms of exciton transport since the varia-
tion in energy-gap provides the ultimate exciton gate,
as energy transfer back to the wider gap donor has a
near-zero probability. A similar energetic asymmetry
could also be realized using inorganic quantum dots
(QDs), where the energy gap is tuned based on QD
size via quantum confinement. Exciton transport in
QD films is also diffusive, or even subdiffusive
owing to energetic disorder.48 To overcome this limit,
layered structures with exciton permeable interfaces
could be used to introduce a symmetry breaking

Figure 7. (a) Schematic describing the model experiment to determine the efficiency of exciton transport across these gated
systems. (b�e) Histograms representing the recorded locations of exciton decay within the layer as well as the ηT for the
various structures. Also shown is the variation in LD across the layer. (f) Transport efficiency (ηT) as a function of increasing
interfaces and defined as the probability that an exciton, injected into the most dilute layer, traverses the entire 16 nm-thick
structure. (g) Average transit time for excitons that traverse the entire 16 nm-thick structure and contribute to ηT.
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imbalance in energy transfer, again achieving directed
transport.49,50

Energy cascade structures can, however, have an
impact on other device parameters, notably the open-
circuit-voltage (VOC) due to the resultant change in the
molecular orbital energy landscape. Careful selection
and alignment ofmolecular orbital energy levels allows
for this limitation to be overcome, with energy-cascade
OPVs having shown remarkable ηP.

3 It should be noted
that in the case of SubPc and SubNc, significant long-
range Förster energy transfer can occur from SubPc to
SubNc. While explicitly accounted for the in the simu-
lations presented here, such is not the general case of
any donor pairing. Excitons that move via the relatively
short-range Dexter-type energy transfer will only be
able to transfer at the permeable interface, thereby
reducing the relative ηD of the outer layer. Since
Dexter-type energy transfer is mediated by electron�
hole exchange interactions associated with molecular
orbital overlap, it stands to reason that diffusion of
polarons, which move by a similar mechanism, may
also be affected by the incorporation of exciton perme-
able interfaces. By decoupling the exciton and polaron
imbalance across interfaces, their spatial distributions
can be separately engineered, offering the ability to
design novel devices with an unprecedented level
of control over nanoscale transport processes and
exciton�polaron interactions.
In dilute donor OPVs that incorporate SubPc in a

wide energy gap host material, increases in LD only
describe part of the overall increase in ηD. A significant
contribution to the enhanced donor ηD can be attrib-
uted to the increasing imbalance in energy transfer
from the dilute SubPc layer to the neat SubPc layerwith
dilution (Figure 4b). Interestingly, the dilute donor
OPVsmodeled in Figure 2 are reminiscent of the bilayer
structures simulated in Figure 6b,c albeit with much
different LD and degree of imbalance. The striking

similarity, however, suggests that even larger ηD could
be achieved by incorporatingmultiple interfaces, mov-
ing toward the superdiffusive regime expounded
by the continuously varying structure with a value
of R ∼ 1.5. Furthermore, collecting excitons at shorter
time scales after photogeneration may reduce the
steady state exciton density within the layer(s). Such
an instance could be advantageous to circumvent
exciton�exciton or exciton-charge quenching path-
ways, leading to further enhancement in the ηD or
ηCC, respectively.
Beyond dilute donor layers and photovoltaic de-

vices, the notion of superdiffusive exciton transport
has the potential to transform a number of other
exciton-mediated, optoelectronic devices. The ability
to move excitons to a desired location with high
fidelity, signaled by R nearing the ballistic limit of
R = 2, could prove to be an enabling capability for
devices such as exciton logic circuits as well as serve to
mitigate deleterious exciton�exciton interactions in
organic light-emitting devices.

CONCLUSION

Overall, we have detailed the emergent properties of
exciton permeable interfaces and their effect on the ηD
in highly efficient OPVs. Combinedwith enhancements
in the bulk LD, the further utilization of exciton perme-
able interfaces has the ability to fully revitalize interest
in the planar heterojunction architecture for next gen-
eration OPVs. More broadly, this work demonstrates
the utility of exciton permeable interfaces for directing
exciton motion, and, in particular, the ability to move
excitons quickly�in less than their natural lifetime�to
a desired location. The applications for such a toolkit
expands beyond OPVs and may be helpful to the
broader array of organic optoelectronic devices where
excitons play the mediating role in the conversion of
light to charge and vice versa.

METHODS

Stochastic Simulations. Kinetic Monte Carlo modeling is used
to generate simulations for the exciton density profiles ηEQE, ηA,
and ηD presented in this work. Energy transfer rates for the bulk
were derived from a simple, nearest-neighbor interpretation
of the exciton diffusivity, D = LD

2τ�1 = d2k, where d is the
discretization of the KMC model, or bin spacing, and k is the
energy transfer rate input. Estimates for the molecular densities
of each material were obtained from crystallographic informa-
tion when available and from powder densities otherwise.
The exciton generation rate, Q(x), was simulated using transfer
matrix formalism of the incident optical field. The optical
constants of each material were measured by variable angle
spectroscopic ellipsometry. For the simulations of OPV devices,
the MoOx anode buffer layer was approximated as a reflecting
boundary.

Device Fabrication. Organic photovoltaic cells were fabricated
on glass slides coated with a 150 nm-thick layer of indium�
tin�oxide (ITO) having a sheet resistance of 15 Ω/0. All sub-
strates were cleaned with tergitol and solvents. Additionally,

ITO substrates were exposed to a UV-ozone ambient for 10 min
prior to the deposition of the active layers. Organic layers were
deposited via vacuum thermal sublimation (<10�7 Torr) at a
nominal rate of 0.2 nm/s. Devices were capped with a 100 nm-
thick cathode layer of Al deposited at a nominal rate of 0.3 nm/s
through a shadow mask defining an active area with a
diameter of 1 mm. Layer thicknesses were initially optimized
via transfer matrix simulations of the internal optical field.
SubPc, SubNc, and UGH2 were purchased from Luminescence
Technology Corporation and C60 was purchased from MER
Corporation. All materials were used as received with no
further purification.

Optoelectronic Characterization. External quantum efficiency
testing was performed under illumination from a 300 W xenon
lamp coupled to a Cornerstone 130 1/8 mmonochromator and
chopped with a Stanford Research Systems SR540 optical
chopper. Electrical characteristics were measured using a Stan-
ford Research Systems SR810 lock-in amplifier. Devices were
also characterized under AM 1.5G solar radiation, and the
parameters were extracted from current�voltage testing at
an illumination of (100 ( 5) mW/cm2.
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