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ombinations of conjugated poly-

mers, small molecules, and semi-

conducting quantum dots make
promising materials for use in low-cost so-
lar cells.? Predicting how new combina-
tions will perform has proved challenging,
however, as seemingly well-matched mix-
tures often fail to photogenerate charge ef-
fectively. In the standard description of
how these “excitonic” solar cells convert
photons into free charge, light absorption
produces strongly-bound singlet excitons
that must diffuse to a type-II heterojunction
(donor/acceptor interface) with energy off-
sets sufficient to dissociate the excitons into
free charge.'® When material combinations
providing a suitable type-Il heterojunction
fail to perform, explanations such as poor
device morphology and poor charge trans-
port can sometimes explain the failure, but
not always. Indeed it is becoming apparent
that the standard description does not ac-
count for the full complexity of the charge-
generation process.*”° The existence of
multiple charge-generating pathways in ex-
citonic solar cells is becoming increasingly
evident, and the ability to understand and
predict these multiple pathways has be-
come an important goal.

One key step in the process of charge
generation in organic photovoltaics is exci-
ton migration from an absorber material to
a donor/acceptor interface. Measurements
of semiconducting polymers typically find
an exciton migration range of ~5—10
nm."%""3 Since ~100 nm thick films are nec-
essary for good light absorption, donor
and acceptor materials are commonly
mixed to create a bulk heterojunction
whereby a donor/acceptor interface is al-
ways accessible within an exciton’s migra-
tion length."™* While this material blending
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ABSTRACT For efficient charge generation in organic solar cells, photogenerated excitons must migrate to a

donor/acceptor interface where they can be dissociated. This migration is traditionally presumed to be based on

diffusion through the absorber material. Herein we study an alternative migration route—two-step exciton

dissociation—whereby the exciton jumps from the donor to acceptor before charge creation takes place. We

study this process in a series of multilayer donor/barrier/acceptor samples, where either poly(3-hexylthiophene)

(P3HT) or copper phthalocyanine (CuPc) is the donor, fullerene (Cy) is the acceptor, and N,N-diphenyl-N,N-bis(3-

methylphenyl)-[1,1-bisphenyl]-4,4-diamine (TPD) acts as a barrier to energy transfer. By varying the thickness of

the barrier layer, we find that energy transfer from P3HT to s proceeds over large distances (~50% probability

of transfer across a 11 nm barrier), and that this process is consistent with long-range Forster resonance energy

transfer (FRET). Finally, we demonstrate a fundamentally different architecture concept that utilizes the two-step

mechanism to enhance performance in a series of P3HT/CuPc/Cy, devices.
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improves charge generation, it simulta-
neously leads to disordered charge trans-
port pathways that inhibit charge extrac-
tion. Thus improved charge creation comes
at the expense of charge transport. One
strategy to move beyond this limiting para-
digm would be to significantly enhance
the range of exciton migration.

Exciton migration in organic materials is
commonly described as a diffusive process
based on an exciton hopping model. Indi-
vidual hops are understood in the language
of Forster resonance energy transfer (FRET)
theory, where an emitter and an absorber
exchange energy through long-range
dipole—dipole interactions.'>~'° Biology
provides a prime example of where exciton
migration does not limit performance. In
the photosynthetic reaction center, exci-
tons generated in an array of more than the
200 absorbing pigments diffuse with near
perfect efficiency across the array to a single
acceptor.2%?' |n contrast, organic photovol-
taics (OPVs) must compensate for poor en-
ergy transport by utilizing nanoscale mixing
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(which hinders charge transport) and optically thin de-
vices (which hinder light absorption). As such, while in-
ternal quantum efficiencies of today’s organic photo-
voltaics (OPVs) can reach ~100%, external quantum
efficiencies (EQE) rarely surpass 60%.2%2* Theoretical
simulations suggest that exciton diffusion lengths an
order of magnitude larger than experimentally meas-
ured might be accessible in organic materials by reduc-
ing defects and material disorder.'”?* However, there
has been small progress achieving such gains in poly-
mer systems, and poor energy migration continues to
limit today’s devices.

Recent studies suggest alternative routes to charge
generation are also accessible in organic semiconduc-
tors. In the standard description of charge generation,
a singlet exciton must first diffuse to a donor/acceptor
interface. The dissociation event of an exciton at this in-
terface is commonly assigned to a one-step process
whereby an electron (hole) is transferred from the do-
nor (acceptor) to the acceptor (donor). The charge
transfer process is thought to occur on a subpicosec-
ond time scale, while the reverse reaction is kinetically
hindered.?> However, numerous departures from this
standard description have been reported. Several
groups have determined that charged polarons are pro-
duced with up to a 30% yield in poly(3-hexylthiophene)
(P3HT) films without any corresponding acceptor
material.26~28 Other groups have demonstrated that sin-
glet excitons can progress through long-lived triplet ex-
citon states that only later dissociate into free
charge.?®?° Further, and underlying our research, sev-
eral groups have shown that a two-step dissociation
process can occur in some material combinations,
whereby a singlet exciton generated in the donor, for
example, does not simply diffuse to a donor/acceptor
interface, but rather energy transfers from the donor to
the acceptor (step one), and then dissociates by hole
transfer back to the donor (step two).>~73°

Photoluminescence spectra and photolumines-
cence decay measurements have been used to deter-
mine that the first step in the two-step process can and
does occur—FRET from an absorber across the donor/
acceptor interface to the acceptor.’ 73! A more recent
study by Lloyd et al. showed that the two-step mecha-
nism likely occurs in polymer—fullerene devices and
contributes to the overall efficiency, possibly signifi-
cantly.®® To reach this conclusion in P3HT/Cq, bilayer de-
vices, they deposited a 2.5 nm layer of N,N-bis(3-
methylphenyl)-N,N-diphenylbenzidene (TPD) between
the P3HT and Ce. This TPD layer blocks the “standard”
exciton dissociation based on electron transfer from the
P3HT to Ce while retaining the possibility of two-step
exciton dissociation. The resulting P3HT/TPD/Cg, de-
vices achieved efficiencies similar to standard P3HT/Cqgq
devices, indicating that the two-step process is prob-
ably an important route for charge generation in P3HT/
fullerene devices. However, the length scale of the en-

ergy transfer step in the two-step process was not
explored, nor has the two-step process been explicitly
utilized to improve device performance in polymer or
small-molecule OPVs.

RESULTS AND DISCUSSION

Herein, we investigate the two-step exciton dissocia-
tion process in greater detail: employing time-resolved
microwave conductivity (TRMC), UV—vis absorption
measurements, photovoltaic device characterization,
and EQE measurements. We have extended upon pre-
vious studies of the two-step mechanism by probing
the range of the energy transfer process. We accom-
plish this by fabricating a series of multilayer films and
devices with interlayers of varying thickness that block
one-step charge generation but permit two-step
charge generation. By increasing the interlayer thick-
ness, we probe the distance over which the energy
transfer process must occur. In each experiment, we
use TRMC to identify the active charge-generation inter-
faces. Finally, we fabricate multilayer devices to illus-
trate how the two-step mechanism can be used to
supplement device performance. These device data
highlight how the two-step mechanism can advanta-
geously funnel energy from multiple materials to a
single charge-generating interface and suggest a route
to new-concept devices.

For our interlayer thickness dependence study, we
have focused on two, well-characterized donor/accep-
tor couples: P3HT/Cy and CuPc/Cgp. Previous studies
have indicated that P3HT/Cg relies on the two-step pro-
cess while CuPc, which does not readily transfer en-
ergy to Ceo, does not.3 As such, we employ CuPc/Ce
as a control system. In an attempt to deduce the effec-
tive range of the energy transfer step in the two-step
process, we have systematically varied the thickness of
a TPD electron blocking layer. The architecture for our
TRMC samples includes only the active layers on quartz
(quartz/CuPc/TPD/Cgq and quartz/P3HT/TPD/Ce). The
working device architectures include an
indium—tin—oxide (ITO) anode, poly(3,4-ethylenedi-
oxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
hole transport layer, a bathocuproine (BCP) exciton
blocking layer to help prevent shorting, and a silver
cathode (ITO/PEDOT:PSS/CuPc/TPD/Cso/BCP/Ag and
ITO/PEDOT:PSS/P3HT/TPD/Cg0/BCP/Ag). On the basis of
its energy levels (Figure 1a), the TPD layer should (1) dis-
rupt electron transfer from P3HT to Cgo and from CuPc
to Ceo, (2) permit hole transfer from Cgo to P3HT and
from Cgo to CuPc. Fabrication details are given in the
Methods section.

Figure 1c shows the EQEs of CuPc/TPD/Cg, devices
as the TPD layer thickness is varied from 0 to 9 nm.
With no TPD, the action spectrum exhibits the absorp-
tion peaks of Cgo (~450 nm) and CuPc (620 and 700
nm). As the TPD thickness is increased to 4 nm, the con-
tribution to the action spectrum from CuPc absorption
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is significantly reduced while the Cqo absorption contri-
bution remains. These data are consistent with the in-
terpretation that the TPD layer prevents electron trans-
fer from CuPc to Cgp but allows exciton (Cgp*)
dissociation and hole transfer from Cg, to TPD to CuPc.

Figure 1d shows the EQEs of P3HT/TPD/Cg, devices
as the TPD layer thickness is varied from 0 to 50 nm.
With no TPD, the action spectrum displays the absorp-
tion peak of C¢o near 450 nm and the broader absorp-
tion of P3HT out to 650 nm. When 3 nm of TPD is in-
serted between P3HT/Cq, in contrast to the CuPc/TPD/
Ceo system, the action spectrum drops minimally. Even
at a TPD thickness of 11 nm, the EQE at 600 nm is only
reduced by ~50%. Only at TPD thicknesses approach-
ing 50 nm does the action spectrum approach the
shape of the C¢ absorption spectrum. The fact that
such a thick TPD layer is necessary to disrupt the P3HT/
Ceo devices, much thicker than the CuPc/Cg devices,
suggests that the TPD blocks a different photophysical
process in the P3HT/Cqo devices than in the CuPc/Csp
devices.

To understand the P3HT/TPD/Ce, system fully,
charge generation in the P3HT and Cq layers must be
considered separately. In the P3HT/TPD/Cg devices, the
contribution to the photocurrent from excitons gener-
ated in the Cq is mostly retained when TPD is added.
Even for the thickest TPD layers, the Cso component is
mostly retained, and indeed, the action spectra mimic
the Cqo absorption spectra. This suggests that, even with
TPD, the excitons generated in the Cg still dissociate
(via hole transfer to the HOMO of the TPD) and that the
free holes can migrate through the TPD to the P3HT.

The story is more complicated for those excitons
generated in the P3HT. The position of the TPD LUMO
level (Figure 1a) would suggest that electrons gener-
ated in the P3HT should be prevented from migrating
to the Cgo except through tunneling. However, a signifi-
cant P3HT component remains in the P3HT/TPD/Cg, de-
vices with TPD so thick as to prevent electron tunnel-
ing. Longer-range energy transfer across this barrier can
explain this observation. While a more detailed analy-
sis of this energy transfer process will be given below,
these preliminary observations of the length scale of
the transfer process support the proposed mechanism
of the two-step process: excitons generated in the P3HT
energy transfer across the TPD, with subsequent hole
transfer back from the Ceo to the P3HT. The efficacy of
this process is only limited by the ability of the excitons
to cross the TPD barrier, exciton dissociation at the TPD/
Ceo interface, and subsequent hole transport through
the TPD.

To confirm that the TPD layer is indeed blocking
electron transfer, we have performed a number of con-
trol experiments. Of primary importance is the quality
and continuity of the TPD interfacial layer. Proving indis-
putably that the TPD layer is continuous and that the
evaporated Cg, does not penetrate across the TPD bar-
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Figure 1. (a) Energy levels in electronvolts of P3HT, CuPc,
TPD, and C4.>° (b) Absorption spectra of CuPc, Ce, and P3HT.
(c) Action spectra of CuPc/TPD/Ce, devices for varying TPD
thickness (0, 1, 2, 4, 5, 6, 9 nm). (d) Action spectra of P3HT/
TPD/Cg devices for varying TPD thickness (0, 3, 6, 8, 11, 15,
24, 50 nm).

rier is beyond the scope of this article. However, sev-
eral observations and experiments lead us to believe
that the TPD layer is truly separating the Cgo and P3HT.
First, it is worth noting that 4 nm of TPD successfully
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Figure 2. (a) TRMC photoconductance transients and (b) peak photoconductance signals of the CuPc/TPD/Cg, system. Trilayer
data were acquired at 470 nm (blue traces) and at 600 nm (red traces) for TPD thicknesses of 0, 3, and 17 nm. C4, and TPD/
Ceo data (black traces) were collected at 470 nm. CuPc and CuPc/TPD data (purple traces) were collected at 600 nm. (c) TRMC
photoconductance transients and (d) peak photoconductance signals of the P3HT/TPD/Cq, system collected at 600 nm.
Trilayer data were collected for TPD thicknesses of 0, 3, and 17 nm and are compared to Cso and Ceo/TPD data (black traces),
P3HT and P3HT/TPD data (orange traces), and P3HT/CuPc (orange/purple trace). The traces shown in (a) and (c) correspond to
the intensity denoted in (b) and (d) by the yellow bars. All data are normalized by the corresponding sample’s wavelength-

specific absorbance.

blocks electron transfer in the CuPc/TPD/Cg system,
hence any TPD pin-holes or C¢, interpenetration would
be specific of the P3HT/TPD processing and not an in-
herent feature of TPD. Second, using intermittent-
contact AFM, we measure a rms roughness of our P3HT
and CuPc samples at 1.7 and 3.8 nm, respectively, sug-
gesting that our thicker TPD layers should form a con-
formal layer. Third, we have fabricated P3HT/BCP/Cg
devices, where 3 nm of BCP, a transparent wide band
gap small-molecule, fully blocks hole and electron
transfer, which shows that a thin layer of evaporated
small molecules can block charge transfer despite the
potential of interpenetration into the softer P3HT.
Fourth, we have fabricated inverted devices and see
similar TPD trends to those in Figure 1 for both CuPc
and P3HT systems.

Most importantly, we have performed a series of
complementary TRMC experiments. TRMC allows us to
probe the charge-generating performance of active
layer materials while avoiding the complicating factors
associated with the anode, cathode, PEDOT, and BCP
layers comprising a full device. Additionally, TRMC can
compare pure materials or bilayers, such as P3HT/TPD,

\\&) VOL.4 = NO.9 = COFFEY ET AL.

that fail to perform in photovoltaic devices. TRMC meas-
urements were carried out on an apparatus described
elsewhere.?632734 Briefly, with a sample placed in the
TRMC resonant microwave chamber, the transient
change in microwave power, AP, due to a 5 ns,
adjustable-wavelength laser pulse is proportional to
the transient change in the sample’s photoconduc-
tance, AG. AP(t)/P = —KAG(t), where K is a “sensitivity
factor” that can be calculated from the dimensions of
the microwave cavity and the sample dielectric proper-
ties. With TRMC, we are able to address the following
questions: (1) Is free charge being generated at the
P3HT/TPD or the CuPc/TPD interfaces? (2) Is free charge
being generated at C4o/TPD interfaces? (3) Is TPD pre-
venting charge generation or simply blocking charge
transport and extraction?

Figure 2 shows TRMC photoconductance data,
AG/BelyFa, where AG is the change in photoconduc-
tance, B is the ratio between the long and short dis-
tances of the waveguide, Iy is the incident photon
flux, and F, is the wavelength-specific fraction of
light absorbed. To first-order, the peak magnitudes
of AG/BelyFa indicate the photoconductance, which,
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as discussed below, is an indication of the number
of charges generated.

Figure 2a plots example photoconductance traces
taken for the CuPc/TPD/Cg system, with each trace be-
ing normalized by its wavelength-specific absorption.
Data were acquired while exciting at 470 nm (blue
traces), where CuPc absorbs little, and at 600 nm (red
traces), where Cqo absorbs little. Figure 2b shows the de-
pendence of the peak value of such transients with in-
tensity. The illumination intensity used for the traces in
Figure 2a is represented by the yellow bar in Figure 2b.

Several observations can be made from these data.
First, the relatively low photoconductance signals seen
in pure Cqo (black trace) and CuPc (purple trace) increase
by over an order of magnitude in a C¢o/CuPc bilayer.
Previous TRMC studies have shown that the TRMC pho-
toconductance signal is proportional to the product of
the number of charges and their mobility, and that a
photoconductance signal that is higher in a bilayer than
in each of the individual layers is an indication of charge
generation at the interface.2632734 As such, we attribute
the increased photoconductance to an increase in
charge generation (we will continue to use this inter-
pretation in all subsequent data). Second, the CuPc/TPD
signal is nearly identical to the CuPc-only signal, while
the Coo/TPD signal is higher than the Csp-only signal.
This observation indicates that the C4/TPD interface is
a charge-generating interface while the CuPc/TPD inter-
face is not. Third, with 3 nm TPD interlayers in CuPc/
TPD/Cgo, the signal at low light intensity in Figure 2b
drops by 40% with excitation at 470 nm and by 78%
with excitation at 600 nm. These drops compare simi-
larly to the drops measured in the full devices shown in
Figure 1c (drops of 32 and 79% for 4 nm TPD). Given
that TRMC probes charge generation and not charge
transport/extraction, the agreement between the TRMC
data of electrodeless “devices” and EQE data for work-
ing devices indicates that the reduction in efficiency as-
sociated with a TPD interfacial layer in full devices is
due to a reduction in free charge generation.

Figure 2¢,d plots, respectively, the TRMC photocon-
ductance transients and the peak values of such tran-
sients for the P3HT/TPD/Cs system. The P3HT and
P3HT/C, traces are shown at 600 nm excitation where
P3HT absorption dominates. Several observations can
be made. First, the relatively low signals seen in pure
P3HT and pure Cq increase by over an order of magni-
tude when they are combined into a bilayer. Again, we
interpret this as confirmation that TRMC can be used to
observe the expected charge-generation ability of the
P3HT/Cg interface. Second, the P3HT/TPD signal is
nearly identical to the pure P3HT signal, indicating that
the P3HT/TPD interface is not a charge-generating in-
terface (again, the C¢o/TPD interface is charge-
generating). Third, with 3 and 17 nm TPD interlayers,
the signal decreases by 10 and 50%, respectively. This
drop is much less than the TRMC signal drop in the
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CuPc/TPD/Cq system and is again consistent with the
P3HT system full device data. These TRMC data support
the interpretation that the TPD interface blocks elec-
tron transfer from the P3HT, but somehow the excitons
absorbed in the P3HT are still able to dissociate into
free charge—presumably through the two-step
process.

Having provided further evidence that the two-step
process can occur in P3HT/Cyo, we return to a more de-
tailed analysis of the data in Figure 1d, which character-
izes the length scale of the two-step process. At 600 nm,
the EQE of P3HT/TPD/Cs, devices drops 17, 40, 74, and
90% for TPD thicknesses of 6, 11, 24, and 50 nm, respec-
tively. The fact that devices continue to generate photo-
current with such thick blocking layers is inconsistent
with an electron tunneling mechanism but consistent
with long-range energy transfer.

Energy transfer is typically described by Dexter, For-
ster, or radiative mechanisms.’>'® The TPD barrier thick-
ness through which the energy can successfully hop in
a single jump is too large to be accounted for by Dex-
ter energy transfer (which typically operates at less than
0.5 nm)'® but is shorter than would be expected for ef-
ficient radiative transfer (greater than 1 um for TPD,
which is transparent in the visible). The radiative mech-
anism is also unlikely given the poor photolumines-
cence quantum yield (PLQY) of P3HT and poor optical
absorption of Cg.

To understand how the FRET mechanism can be
used to describe the data in Figure 1d, we first begin
with a basic discussion of FRET and proceed to describe
how this traditional description must be modified to
understand our trilayer structures. In the standard, sim-
plified description of FRET, the exciton is presumed to
jump from a single, isolated emitter dipole to a single,
isolated absorber dipole within a homogeneous dielec-
tric medium.'>'° For sufficiently long jumps satisfying
the mathematical approximation of a dipole—dipole
transition, kT = (Ry/R)®, where « is the FRET rate, T is the
exciton lifetime, and Ry is the Forster radius. It is worth
noting that the Ry is fundamentally different to an exci-
ton diffusion length, which incorporates multiple hop-
ping events undergoing a random walk.

The FRET rate is derived to be proportional to the
PLQY of the donor and the spectral overlap of the do-
nor emission and acceptor absorption. This rate would
be expected, upon first examination, to be relatively
small for the P3HT/Cq system, as their spectral overlap
is small and the PLQY of P3HT is low (note, though, that
any decrease in Ry is accordingly smaller given the
1/6th power functional relationship between the rate
and Ry). However, the simple description of FRET given
above must be expanded to accurately represent our
layered architectures. First, the dipole—dipole approxi-
mation is not satisfied by our trilayer device geometry,
where one would expect transfer to occur from a single
donor chromophore dipole to any of a number of chro-
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mophores in the acceptor layer. This difference in ge-
ometry from a dipole—dipole transfer to dipole—slab
transfer has been shown by several groups to alter the
traditional transfer rate from the 1/R® distance depen-
dence to 1/R?, increasing the range of FRET.3"3536

For the P3HT/TPD/Cg system, a standard calcula-
tion of the Forster radius using a dipole—dipole
approximation'®3’ gives Ry = ~3.0 nm for kT = (Ry/R)®
(using an experimentally measured Cqo absorption
spectrum, an experimentally measured P3HT fluores-
cence spectrum, and a P3HT PLQY of 0.02%). To more
accurately describe our system, we have used a
dipole—infinite-slab approximation (assuming that the
overall FRET rate is the sum of all the individual FRET
rates between the donor and slab of acceptors) follow-
ing the method of Scully et al.*> and calculated a R, of
~9 nm for kT = (R¢/R)>. While this simplest calculation
assumes that the dipoles do not perturb each other, a Ry
of 9 nm is consistent with Figure 1d. Thus, the data in
Figure 1d support the interpretation that our P3HT/Cg
devices are operating by means of long-range FRET.

Extracting quantitative FRET rates from such data re-
quires a more detailed level of simulation, which is a fu-
ture direction of our work. The dipole—slab geometry,
though an improvement over the dipole—dipole geom-
etry, is still an assumption that does not fully describe
a real trilayer system or a bulk heterojunction device. In
a real system, excitons can diffuse through the donor
material before undergoing FRET to an acceptor. Sec-
ond, if there is coherence between the multiple accep-
tors, then the FRET rate will be additionally modified.>
Equally important when considering such data is that a
measured EQE is not necessarily a perfect indication of
an underlying FRET rate.

In these experiments, we have taken care that our
devices are limited primarily by energy transfer—and
not by diffusion, dissociation, or charge transport. As
such, while there is no perfect comparison available be-
tween our data and an analysis of dipole—dipole sys-
tems or bulk heterojunction systems, our trilayer de-
vices provide a good qualitative example of how, to
first-order, energy transfer proceeds in standard OPVs.

Regardless of the theoretical interpretation, it is still
intriguing that the FRET length scales we measure,
which are due to single hops, are comparable to the ex-
citon diffusion lengths commonly measured for P3HT,
which are based on multiple hops. The exciton diffusion
length in P3HT has been measured in a variety of ex-
periments, with results generally between 5 and 15
nm.'% '3 This range is similar to the P3HT domain sizes
measured by TEM for optimized bulk heterojunction
P3HT/PCBM devices as well as the thicknesses em-
ployed for optimized P3HT/Cg, planar devices.***! This
agreement has traditionally been used as proof for the
hypothesis that devices are optimized such that the
multihop diffusion ensures excitons reach donor/accep-
tor interfaces. However, the similar range we measure

for the two-step process presents the possibility that
P3HT—fullerene devices have been morphologically
optimized to maximize two-step energy transfer from
P3HT to an acceptor, and that single hops from donor
to acceptor could be dominating the range over which
energy transfer occurs. While this mechanism cannot
describe charge generation in all donor/acceptor sys-
tems (some acceptors have wider band gaps than the
corresponding donors), it suggests that a new strategy
for improving charge generation in some organic
photovoltaic cells would be to enhance long-range
FRET from donor materials to acceptor materials.

Beyond showing that a two-step charge-generation
process based on long-range FRET is an important fac-
tor in the operation of P3HT/Cy, devices, we now pro-
vide an example of how this two-step process can be
used to supplement device efficiency. In the P3HT/TPD/
Ceo devices previously discussed, the thin TPD layers
do not significantly reduce performance, but they do
not benefit the devices and thus there is an overall per-
formance loss. If, however, we replace the TPD with a
material that still allows hole transfer yet absorbs vis-
ible light, it becomes possible to increase the overall de-
vice performance. Figure 3 shows the EQEs of a series
of such devices with P3HT/CuPc/Cg active layers. In
these trilayer devices, the P3HT and Cg, thicknesses
were held constant at 30 and 50 nm, while the CuPc
thickness was varied at 2, 5, and 7 nm. Figure 3 com-
pares the EQE of these trilayer devices (green traces) to
P3HT/Ce bilayer devices (red traces) and CuPc/Ce bi-
layer devices (blue traces).

Figure 3a compares the EQE data for the 2 nm CuPc
system: P3HT/CuPc-2 nm/Cgo, CuPc-2 nm/Cep, and
P3HT/Cgo devices. The trilayer device gives enhanced
performance in the red compared to the P3HT/Cq, bi-
layer device, showing that CuPc absorbance is contrib-
uting to device efficiency. Significantly, the efficiency of
the trilayer device in the blue is little less than that of
the P3HT/Cq, bilayer device. This minimal loss in the
blue is what was observed for P3HT/TPD/C¢, devices in
Figure 2d for thin TPD layers and is suggestive of the
two-step mechanism operating in the P3HT/CuPc/Cs
system. Figure 3b,c shows analogous EQE data as the
CuPc layer is increased to 5 and 7 nm, respectively. As
the CuPc layer thickness is increased, the trilayer device
efficiencies increase in the red where CuPc correspond-
ingly absorbs. However, a second trend is that the per-
formance in the green, where P3HT absorbs, begins to
decrease—presumably as the excitons generated in the
P3HT are unable to FRET transfer to the C4. Compared
to 2 nm CuPc and 7 nm CuPc, the 5 nm CuPc gives an
optimal balance of increased absorption in the red and
reduced energy transfer from P3HT. Importantly, the
P3HT/CuPc-5 nm/Cg device (uncertified solar power
conversation efficiency, n = 1.12%) is more efficient
than either of the P3HT/CuPc-2 nm/Cg (0.72%) or P3HT/
CuPc-7 nm/Ce (0.98%) trilayer devices and is more effi-
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Figure 3. EQE spectra of P3HT-30 nm/CuPc/Cgy-50 nm de-
vices (green traces) compared to P3HT-30 nm/Cg-50 nm de-
vices (red traces) and CuPc/C4p-50 nm devices (blue traces)
for CuPc thickness of (a) 2, (b) 5, and (c) 7 nm.

cient than the P3HT/Cg (0.57%) and CuPc-5 nm/Cq
(0.60%) bilayer devices.

As further confirmation that the two-step charge-
generation process occurs in P3HT/CuPc/Cq, devices,
we have again employed TRMC. Figure 2d compares

www.acsnano.org

the TRMC signal in a P3HT/CuPc bilayer (purple/orange
trace) to a pure P3HT film (orange trace). Significantly,
the P3HT/CuPc bilayer does not show any increase in
charge generation compared to a pure P3HT film. This
suggests that charge is not readily generated at P3HT/
CuPc interfaces. Correspondingly, we note that simple
P3HT/CuPc bilayer devices are not reported in the litera-
ture (the P3HT/CuPc bilayer devices we have attempted
give no short-circuit current and very low shunt resis-
tance). CuPc/P3HT:PCBM solar cells have been demon-
strated, but in these cells, both the CuPc and P3HT con-
tact PCBM and it can be presumed that the CuPc/
PCBM and P3HT/PCBM channels operate in parallel.
As such, we conclude that, within P3HT/CuPc/Cg, de-
vices, the CuPc/Cq interface is the only efficient
charge-generating interface. Those excitons photo-
generated in the P3HT must transfer energy, using
FRET, across the CuPc layer to the Cqo. It is possible
that this transfer could occur by way of diffusion
through the CuPc, though given the similarities to
the P3HT/TPD/Cqo system the two-step process
seems more likely. Either way, energy is being fun-
neled from multiple materials to a single charge-
generation interface. This is in contrast to standard
multilayer devices such as tandem solar cells where
multiple charge-generating interfaces operate in se-
ries. The EQE data for the trilayer devices shown in
Figure 3, however, most likely achieve their higher
performance by employing the two-step
mechanism.

CONCLUSION

In conclusion, we have shown that a two-step
charge-generation process can play an important
role in the operation, understanding, and improve-
ment of certain organic photovoltaics. By testing the
length scale over which this two-step mechanism
can proceed, we have shown that the energy trans-
fer step in the two-step mechanism relies on Forster
resonance energy transfer (FRET). Further, the FRET
operates over surprisingly long length scales de-
pendent on the sample architecture/morphology,
which presents an intriguing new pathway of mov-
ing energy over the distances necessary for the next
generation of organic photovoltaics. Materials with
more efficient FRET than P3HT could significantly en-
hance device efficiency. Finally, we have fabricated
trilayer devices that provide an example of how this
two-step mechanism can be used to supplement
OPV efficiency. These P3HT/CuPc/Cgo-based solar
cells demonstrate improved efficiency compared to
traditional bilayer devices. However, the key to this
performance boost is not based on the mechanism
found in traditional tandem cells where multiple
charge-generating interfaces operate in series, but
rather through the two-step mechanism shuttling
energy from multiple materials to a single charge-
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generating interface. We envision that future de-
vices designed to fully incorporate the advantages

METHODS

Device Fabrication: Current—voltage and EQE measurements
were carried out on 0.11 cm? photovoltaic cells. These devices
were fabricated on prepatterned indium—tin—oxide (ITO)-
coated glass substrates cleaned by sonication in deionized wa-
ter, acetone, and isopropyl alcohol, followed by a 5 min oxygen
plasma treatment. The active layers were deposited as follows:
first PEDOT:PSS (Clevios P VP Al 4083) layer was spin-coated at
4000 rpm, then annealed at 130 °C for 15 min. P3HT solutions
(Rieke Metals Inc., 5 mg/mL in chlorobenzene) were spin-coated
at 2500 rpm. CuPc (20 nm, Aldrich), TPD (Aldrich), and Cg (50 nm,
Nano-C) were deposited under vacuum (<5 X 107° Torr) at
rates of 0.5, 0.3, and 1 A/s, respectively. Six nanometers of BCP
(Aldrich) was deposited at a rate of 0.5 A/s before deposition of
a 100 nm silver cathode, which was evaporated under vacuum
(<2 X 1077 Torr) at a rate of 2 A/s.

Bulk Device Characterization: Device measurements were made
in a nitrogen environment. Efficiency measurements were taken
under an average full-spectrum intensity of 1000 W/m? as de-
scribe in ref 42. EQEs were calculated by taking the ratio of the
device photocurrent to the corrected photocurrent of a Si
photodiode with a calibrated spectral response.

TRMC Sample Characterization: TRMC samples were prepared on
quartz substrates without electrodes or charge transport layers
(without ITO anode, PEDOT:PSS, BCP, or Ag). The active layers
were prepared identically to the full devices, except that the Cgo
thickness was set at 30 nm. TRMC measurements were carried
out on an apparatus described elsewhere.?63273% The TRMC data
are normalized by the wavelength-specific absorption of each
sample. The absorption data were measured using a UV—vis
spectrophotometer equipped with an integrating sphere (Shi-
madzu UV-3600).
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