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ABSTRACT: We examine the ultrafast dynamics of exciton migration and polaron
production in sequentially processed ‘quasi-bilayer’ and preblended ‘bulk hetero-
junction’ (BHJ) solar cells based on conjugated polymer films that contain the same
total amount of fullerene. We find that even though the polaron yields are similar, the
dynamics of polaron production are significantly slower in quasi-bilayers than BHJs. We
argue that the different polaron production dynamics result from the fact that (1) there
is significantly less fullerene inside the polymer in quasi-bilayers than in BHJs and (2)
sequential processing yields polymer layers that are significantly more ordered than
BHJs. We also argue that thermal annealing improves the performance of quasi-bilayer
solar cells not because annealing drives additional fullerene into the polymer but
because annealing improves the fullerene crystallinity. All of the results suggest that
sequential processing remains a viable alternative for producing polymer/fullerene solar
cells with a nanometer-scale architecture that differs from BHJs.

SECTION: Energy Conversion and Storage; Energy and Charge Transport

Organic solar cells based on semiconducting conjugated
polymers as photoexcited electron donors and fullerene

derivatives as electron acceptors have reached power
conversion efficiencies in excess of 8%.1 The conjugated
polymer typically functions as the light absorber, converting
incident photons to bound excitations (excitons). Excited states
originating on different chain segments can migrate from one
chromophore to another by means of electronic energy
transfer. The distance such excitations can move during their
lifetime, known as the exciton diffusion length (EDL), has been
estimated in many different polymeric semiconductors to lie in
the 5−10 nm range,2−5 although higher estimates recently have
been reported.6 The idea that excitations in semiconducting
polymer films cannot move very far has given rise to devices
based on the bulk heterojunction (BHJ) architecture. In a BHJ
device, the donor and acceptor molecules are intimately
blended on a length scale roughly equal to or finer than the
EDL; this ensures that the majority of excitons are able to
migrate to an acceptor, where they can undergo charge
separation and ultimately produce electrical current.
Although the BHJ architecture helps to ensure effective

charge separation, simply blending polymers and fullerenes
together frequently results in a strongly energetically and
topologically disordered polymer phase with fullerene mole-
cules nearly uniformly distributed throughout the film, a
morphology that is not conducive to efficient carrier transport.
Thus, most BHJ devices require additional processing, such as
the use of solvent additives7−9 or thermal10−20 or solvent
annealing,21 which can help to crystallize the polymer or

fullerene to produce a more optimal morphology for solar cell
performance. Unfortunately, finding the best weight ratio of the
donor and acceptor and optimizing the processing conditions
for a particular set of materials is a painstaking process that
largely depends on trial-and-error.
Recently, we developed a method to prepare devices by

sequentially solution-depositing layers of polymer and fullerene
from orthogonal solvents.22 This allowed us to preoptimize the
polymer underlayer by building in crystalline, percolated
pathways for charge and exciton transport. The subsequent
deposition of the fullerene overlayer had little effect on the
crystallinity of the polymer underlayer, providing control over
the device morphology. We prepared devices this way using the
model semiconducting polymer regioregular poly(3-hexylth-
iophene-2,5-diyl) (P3HT), cast from o-dicholorobenzene
(ODCB), and the well-studied fullerene derivative [6,6]-
phenyl-C61-butyric-acid-methyl-ester (PCBM) (see Figure 1
for chemical structures), cast from dichloromethane (DCM),
and achieved power conversion efficiencies that exceeded
benchmark blend-cast BHJ devices based on the same
materials.22

In our initial report, we mistakenly believed that casting the
two materials sequentially from orthogonal solvents left distinct
P3HT and PCBM layers with a relatively clean interface
between them.22 Subsequently, work from several groups,23−26
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including our own,27 revealed that some interpenetration of the
fullerene into the polymer underlayer takes place in these
sequentially processed films. In as-cast films, a significant
fraction of the fullerene remains in a well-defined overlayer,
whereas the remaining fraction disperses into the polymer
underlayer with a concentration profile that is essentially
uniform with depth.25 The amount of fullerene that inter-
penetrates into the polymer underlayer is significantly less than
that used to construct a typical BHJ.27 Based on this
knowledge, we now refer to our sequentially processed samples
as ‘quasi-bilayers’. A key question concerning quasi-bilayer
samples is the internal distribution of fullerene molecules in the
film and how this distribution compares to the active layer of a
BHJ. Moon et al. have argued that sequential processing and
single-layer processing as a BHJ produce the same underlying
nm-scale distribution of fullerenes within the polymer layer.28

However, Gevaerts et al. recently showed that thermal
annealing affects quasi-bilayer and BHJ solar cells differently,
strongly suggesting that the internal fullerene distribution is
indeed different.29

In this Letter, we report new measurements of the ultrafast
exciton quenching and polaron formation dynamics in
P3HT:PCBM quasi-bilayer and BHJ thin films that contain
equal total amounts of fullerene. We find that the even though
the polaron yields in the two samples are similar, the exciton
quenching and polaron production dynamics are quite different.
This provides a strong indication that the internal fullerene
distribution is indeed different between the two architectures.
Our observation that the dynamics of polaron production in
quasi-bilayers is slower than that in BHJs demonstrates that
near-immediate exciton splitting is not necessary for efficient

polaron generation. Finally, we argue that it is the crystallization
of the fullerene phase and the concomitant increase in the
electron mobility − not an increase in the donor/acceptor
interfacial area − that is primarily responsible for the
improvement in the power conversion efficiency of quasi-
bilayers upon thermal annealing.
In our previous work, we showed that the photo-

luminescence (PL) of P3HT is strongly quenched by PCBM
in quasi-bilayer films.22 To better understand how this PL
quenching depends on the way the fullerenes interdiffuse into
the polymer layer, we have used time-resolved PL to measure
the dynamics of exciton quenching in relatively thick (∼330
nm) P3HT films with fullerene overlayers cast from DCM
solutions with varying PCBM concentration. Unlike steady-
state PL experiments, the TCSPC technique has the advantage
that the measured observable − the time decay of the PL − is
negligibly affected by thin film interference. Figure 1A shows
the time-resolved PL decays, deconvoluted from the instrument
response function and normalized at time zero as described in
the SI, for a pure P3HT film (black curve) as well as quasi-
bilayers (various colored curves) prepared with different PCBM
solution concentrations. Clearly, spin-coating a relatively dilute
1 mg/mL PCBM solution from DCM onto P3HT results in
dramatic quenching of the polymer PL, even for underlayer
thicknesses greater than 300 nm.
To quantify this quenching, we define the experimental

quenching ratio

∫ ∫η = −
∞ ∞

I t t I t t1 ( ) d / ( ) d
0

qb
0

P3HT

where Iqb is the (normalized) PL intensity of the quasi-bilayer
film and IP3HT is the PL intensity of a P3HT control film with
no PCBM spun on top. Figure 1B plots the quenching ratio as a
function of the concentration of the solution used to cast the
PCBM overlayer. At low concentrations, the quenching ratio
increases sharply with PCBM solution concentration., but as
the PCBM concentration increases, η increases much more
slowly, indicating that additional PCBM does not provide any
significant additional quenching.
The way in which the quenching ratio changes with the

concentration of the solution used to cast the PCBM overlayer
has important implications for the quenching mechanism. We
know from our previous work22 (and see also the Supporting
Information (SI)) that the act of fullerene layer deposition
negligibly perturbs the crystallinity of the underlying P3HT
layer in the quasi-bilayer architecture. However, the fact that
DCM does not dissolve high-molecular-weight, regioregular
P3HT does not preclude DCM from swelling the lower
molecular weight or disordered P3HT in the amorphous
regions of the film. Thus, casting the PCBM overlayer from
DCM allows fullerenes to penetrate the amorphous regions of
the P3HT underlayer without disrupting any of the P3HT
crystallinity. The driving force for this interpenetration is the
chemical potential gradient between the swollen polymer
matrix and the fullerene solution. Increasing the fullerene
solution concentration thus has two important consequences
for quasi-bilayer formation: (1) the PCBM concentration
gradient increases, driving more fullerene molecules into the
polymer underlayer, and (2) a progressively thicker, nearly pure
fullerene layer is deposited on top of the now-intermixed layer.
The quenching data in Figure 1 support this idea. At low
concentration, fullerenes occupy the amorphous regions of the
P3HT underlayer, providing interfacial area for quenching

Figure 1. (A) Time-resolved photoluminescence (PL) decays for
P3HT/PCBM quasi-bilayer samples with the PCBM overlayer spun
from DCM solutions with different concentrations (colored curves);
for reference, the PL decay of a pure P3HT film is shown as the black
curve. (B) PL quenching ratio, η, defined in the main text, for the same
quasi-bilayer samples whose PL dynamics are shown in panel A.
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P3HT excitons. Increasing the concentration of the PCBM
casting solution drives additional fullerene into these regions
but does not proportionally increase the amount of interfacial
contact between P3HT and PCBM.
We next used ultrafast transient absorption spectroscopy to

examine the charge generation that occurs in both quasi-
bilayers and blend-cast BHJs when a P3HT exciton encounters
a PCBM molecule. Figure 2 shows excited-state absorption

spectra at different times following excitation of P3HT in both
a pristine P3HT film (upper panel) and a quasi-bilayer sample
prepared with the same P3HT underlayer and an overlayer cast
from a 1 mg/mL PCBM/DCM solution (lower panel). The
large feature that peaks near 1150 nm has been assigned by
others to be the absorption of the P3HT exciton;30,31 this
feature decays with time in both samples. In the pure P3HT
sample, the exciton absorption decays to near baseline on a
∼200-ps time scale. In the quasi-bilayer sample, however, the
excitons decay much more quickly, and a new peak centered at
980 nm is evident at long times, which is absent in pure P3HT;
this new feature has been previously assigned to absorption
from P3HT hole polarons.32−34 The data make it clear that the
majority of excitons are quenched in the quasi-bilayer sample,
consistent with Figure 1, and that a product of the quenching is
a P3HT polaron.
To better characterize the exciton and polaron dynamics in

our samples, we have decomposed the spectra from our
ultrafast experiments into their constituent exciton and polaron
contributions. We assumed that the spectrum at short times
(<0.5 ps) was that of the pure P3HT exciton and that at long

times (>200 ps) all the excitons had decayed, leaving only the
spectrum of the longer-lived P3HT polarons. We then fit our
measured transient absorption spectra at each time to a linear
combination of the exciton and polaron spectra, as described in
the SI. This analysis allowed us to compare relative polaron
yields from a ratio of the spectral integral at long time, which
contains only the polaron contribution, to the spectral integral
of the exciton-only peak at short time.
As a way to describe these data and aid physical

interpretation, with no physical model implied, we fit the
exciton decay dynamics with a triple-exponential and the
appearance of the polarons using a biexponential rise. The
fitting parameters for the exciton and polaron dynamics are
given in Table 1 and the polaron rises (symbols) and their

exponential fits (thin solid and dashed curves) are shown in
Figure 3. The fast exciton quenching and polaron formation
time scale, which is present in comparable proportion in all
films, corresponds to exciton harvesting in the immediate
vicinity of the nascent excited chromophore. Intermediate
exciton decay rates likely correspond to resonant electronic
energy transfer through one or several polymer aggregates in
relative proximity to a heterojunction, wherein multiple transfer
steps are required to find a dissociating interface. We assign the
long decay time to largely incoherent energy transfer of a
Förster type between transition dipoles with a finite spatial
electron density extent (i.e., generalized energy transfer
between nonpoint dipoles).35 Thus, we believe that at long
times (tens of picoseconds) excitations reach the donor/
acceptor interface in a random walk fashion after sampling a
significant number of spatially distinct, low-energy exciton
“traps” over a number of polymer aggregates.
Figure 3 compares the polaron production dynamics of

blend-cast BHJs (red symbols) and quasi-bilayer films (black
symbols) at two different PCBM loadings. It is clear that in the

Figure 2. Ultrafast transient absorption of a pure P3HT film (upper
panel) and a quasi-bilayer with a PCBM overlayer spun from a 1 mg/
mL DCM solution (lower panel) following excitation at 530 nm as a
function of time. The noise red of 1350 nm results from a lack of
photons in the white-light continuum probe pulse at these
wavelengths.

Table 1. Exciton and Polaron Dynamics of Different P3HT-
PCBM Samples Extracted from Ultrafast Transient
Absorption Spectroscopy (cf. Figure 3 and SI)a

film a1 a2 a3 τ1 (ps) τ2 (ps) τ3 (ps)

Excitons:
P3HT (200 nm) 0.22 0.36 0.31 4.5 66.2 478.5
Q-B 1 mg/mLb 0.24 0.32 0.51 0.4 7.6 77.8
Q-B 5 mg/mL 0.28 0.50 0.22 1.5 20.9 89.3
Q-B 12.5 mg/mL 0.27 0.49 0.24 1.1 10.8 65.5
Q-B 12.5 mg/mL AN+ 0.21 0.42 0.40 1.1 9.2 43.4
BHJ 1:0.05 0.23 0.40 0.39 1.6 15.0 85.9
BHJ 1:0.2 0.27 0.48 0.30 0.9 13.2 72.6
BHJ 1:0.6 0.26 0.47 0.35 0.7 7.8 37.3
Polarons:
Q-B 1 mg/mL 0.30 0.70 3.7 47.3
Q-B 5 mg/mL 0.49 0.51 8.5 27.0
Q-B 12.5 mg/mL 0.40 0.60 1.8 20.2
Q-B 12.5 mg/mL ANc 0.47 0.53 2.0 17.8
BHJ 1:0.05 0.37 0.63 5.1 54.3
BHJ 1:0.2 0.54 0.46 8.8 26.3
BHJ 1:0.6 0.41 0.59 1.8 11.5
aExciton decay dynamics were fit to the form ∑i=1

3 aie
−t/τi, and polaron

formation dynamics to ∑i=1
2 ai (1 − e−t/τi). bQ-B stands for quasi-

bilayer. cAN stands for annealed at 150 °C for 20 min. Quasi-bilayers
are distinguished by the concentration of PCBM in the DCM solution
used to cast the overlayer.
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1:0.6 BHJ film (closed red squares), a significant fraction
(∼40%) of polarons are formed in the first few picoseconds
following excitation, a result consistent with previous work that
has noted that electron transfer from excited P3HT to PCBM
takes place on ultrafast time scales.36 In addition, the data also
show that the remaining polarons are formed on a longer time
scale (∼11 ps) because some excitons must make multiple hops
between P3HT chains before they can reach a PCBM molecule
to produce polarons via charge transfer; this observation is
consistent with recent reports.37 What is striking about this data
is that Figure 3 and Table 1 show that the long component of
the exciton quenching and polaron rise in the quasi-bilayer film
(12.5 mg/mL PCBM, black filled circles), which has the same
total amount of fullerene as the 1:0.6 BHJ film as measured by
UV−visible spectroscopy (see SI), is significantly slower (∼20
ps) than that in the BHJ (∼11 ps). This is particularly
surprising because the polaron yield in quasi-bilayer films is
similar to that in the corresponding concentration-matched
blend-BHJs. It is not until we get to samples that are quite
dilute in PCBM that we start to see similar slower polaron
appearance time scales in BHJs as in the corresponding quasi-
bilayer samples (Figure 3, open squares).
Even though our BHJ and quasi-bilayer samples were

prepared to have the same total amount of PCBM, we know
that in quasi-bilayers a significant fraction of the PCBM stays in
the overlayer, whereas only a smaller fraction penetrates into
the P3HT underlayer. Using the analysis outlined in the SI, we
estimate that the fullerene density inside the P3HT underlayers
in our quasi-bilayer samples is significantly lower than in the
corresponding BHJ samples that have the same total amount of
fullerene.38 This makes the results in Figure 3 and Table 1 all
the more intriguing and emphasizes that the PCBM that does
penetrate into the quasi-bilayer does not lead to a film
microstructure that is identical to a blend-cast BHJ.
This leads to the question of precisely what is different about

exciton harvesting and charge generation in quasi-bilayers (and

very dilute BHJs) than in the concentrated BHJs typically used
in devices. The first obvious answer is the difference in the
effective fullerene density inside of the film. The majority of
excitons in concentrated BHJs are created within an EDL of an
acceptor. In contrast, in quasi-bilayers, the fraction of excitons
that need to make multiple hops prior to reaching a
heterojunction is expected to be significantly greater than in
device-optimal BHJs, so that it takes longer to quench them
and produce P3HT polarons.
However, in addition to internal fullerene content, there is a

second significant difference between these two solar cell
architectures: the ordering of the P3HT. Indeed, the UV−
visible absorption spectra shown in the SI indicate that in dilute
BHJs and quasi-bilayer films, the P3HT is significantly more
ordered than in BHJs loaded with PCBM at near device-
optimal concentrations. We believe that the presence of
considerably enhanced long-range order in P3HT films,
whose interchain π-stacking interactions are unperturbed by
the presence of a large number of interdiffused fullerene
molecules, may increase the interchromophore and/or
interaggregate excitation transfer rates and thus modify the
EDL. We will demonstrate in future work that the effective
EDL is greater in ordered P3HT subphases than in the largely
disordered polymer phases produced in as-cast BHJs, consistent
with previous work with small molecules.39,40

In addition to noting the differences in exciton quenching
and polaron formation between quasi-bilayers and BHJs, we
also have explored the behavior of quasi-bilayer ultrafast
dynamics upon thermal annealing. In our previous work, we
found that thermal annealing of quasi-bilayer solar cells
increased both the device short-circuit current and the fill
factor. However, we also saw that after annealing the total PL
intensity from the polymer increased.22 This suggests that
annealing actually decreases the interfacial donor/acceptor
interfacial area available for exciton dissociation. This
observation seems counterintuitive because multiple studies
have shown that thermal annealing increases the amount of
PCBM that penetrates into the P3HT underlayer in quasi-
bilayers.24−26 To better understand why thermal annealing
leads to less exciton harvesting but still improves the
performance of quasi-bilayer devices, in Figure 4 we compare
the exciton quenching (inset) and polaron formation dynamics
(main figure) of as-cast (black symbols/curves) and annealed
(blue symbols/curves) P3HT/PCBM quasi-bilayer films. The
inset makes it clear that the exciton lifetime is longer, and the
main figure shows that the long-time yield of polarons is
smaller in annealed quasi-bilayer films than in as-cast films,
consistent with the increase in steady-state PL intensity.22 We
believe that the decrease in donor/acceptor interfacial area is
primarily due to fullerene aggregation and crystallization upon
annealing, although we expect that a slight increase in P3HT
crystallite size might also contribute.22

Moreover, even though the relative polaron yield is lower in
annealed quasi-bilayers, on average, the appearance of polarons
in annealed films occurs on a slightly faster time scale than in
as-cast films. Because the interfacial area decreases upon
annealing, this suggests that the conversion of excitons to
polarons becomes more efficient when PCBM is crystalline,
even though the yield is limited by the available surface area of
the aggregated PCBM network. Thus, despite the fact that
annealing drives more PCBM into the P3HT underlayer, the
additional PCBM is located only in the previously PCBM-rich

Figure 3. Dynamics of the polarons produced following 530 nm
excitation of P3HT/PCBM quasi-bilayer samples with PCBM
overlayers spun from DCM solutions of different concentration
(black circles) and from P3HT:PCBM BHJ films with the same total
amount of fullerene, as determined by UV−visible absorption (red
squares). The polaron dynamics were extracted from the ultrafast
transient absorption spectrum (cf. Figure 2) using the procedure
outlined in the SI.
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amorphous regions of the film; annealing makes quasi-bilayer
films less homogeneous.
In addition to thermal annealing decreasing the film

homogeneity of quasi-bilayers, it also changes the local way
in which the fullerenes are distributed. In our previous work, we
found that thermal annealing of quasi-bilayers led to
crystallization of the fullerene network, whereas the morphol-
ogy of the polymer underwent only minor changes.22 Hence,
we expect that thermal annealing negligibly improves the hole
mobility,41 and the increased PL/lower polaron yield
demonstrates that thermal annealing actually leads to poorer
exciton harvesting. This means that the annealing must increase
the electron mobility by a significant factor to give the observed
improvement in solar cell performance.
Additional evidence of improvement in the electron mobility

upon thermal annealing of quasi-bilayers can be found in the
reverse bias region of the device photocurrent, shown in Figure
5. The current of the as-cast film exhibits an inflection point
and does not approach saturation until large reverse bias. In
contrast, the current of the thermally annealed device has the
desired diodic shape and reaches saturation much earlier than
its as-cast analogue. We believe that the reason for the
inflection point in the as-cast curve is as follows. When the
quasi-bilayer film is cast from a high vapor pressure solvent, the
fullerene network exhibits low crystallinity and thus low
electron mobility. Upon application of increasing reverse bias,
the electric field in the as-cast device becomes sufficiently
strong to overcome the fact that interfullerene jumps are
inefficient at low field. Only at high fields do the electron hops
become rapid enough that the effective hole and electron
mobilities become comparable, allowing the as-cast cell to
approach the saturation current of the annealed device. Thus,
we believe that the improvement in device performance upon
thermal annealing of quasi-bilayers primarily results from the
increased aggregation and partial crystallization of the fullerene
network, not from the additional fullerene that migrates into the
polymer underlayer.

In summary, we have found that the dynamics of exciton
quenching and polaron formation in P3HT/PCBM films are
different if the P3HT and PCBM are deposited from a single
solution or deposited sequentially from separate solutions using
orthogonal solvents: sequential processing is not simply another
route to producing a blended BHJ. This is because when P3HT
and PCBM are deposited sequentially, the P3HT has a higher
degree of interchain ordering than when the two materials are
deposited together in a BHJ. The PCBM in as-cast quasi-
bilayers is localized in the amorphous regions of the P3HT
underlayer, and some fraction of the PCBM remains on top, so
that there is significantly less PCBM inside the P3HT
underlayer in quasi-bilayer samples than in BHJ samples with
the same P3HT:PCBM ratio. Quasi-bilayers with increased
P3HT crystallinity display quite different time scales for
polaron production than the concentrated BHJs typically
used in working photovoltaic devices, even though the total
polaron yield remains similar. All of these results support the
conclusions that the internal fullerene distribution in quasi-
bilayers is different from that in blend-cast BHJs and that
slower exciton-to-polaron conversion need not be detrimental
to device performance. This partially relaxes the requirement
for high area of the donor/acceptor interface. Finally, we also
argued that thermal annealing improves the performance of
quasi-bilayers not because increased fullerene concentration in
the underlayer makes them more like BHJs but because of an
increase in fullerene crystallinity that improves the electron
mobility. Together, all of this work suggests that sequential
processing is a real and viable alternative to BHJ for the
production of conjugated polymer/fullerene photovoltaic
devices.

Figure 4. Polaron production (main figure) and exciton decay (inset)
dynamics extracted from ultrafast transient absorption spectra (cf.
Figure 2) for an as-cast P3HT/PCBM quasi-bilayer (black circles and
solid curves) and the same sample after thermal annealing at 150 °C
for 20 min (blue triangles and dashed curve). The samples were
prepared using a PCBM overlayer spun from a 12.5 mg/mL DCM
solution and the excitation wavelength was 530 nm.

Figure 5. Current−voltage characteristics of sandwich-structure
(ITO/PEDOT-PSS/quasi-bilayer/cathode) photovoltaic devices
under AM 1.5 simulated solar irradiation with the active layer as-cast
(black circles) or thermally annealed at 150 °C for 20 min (blue
squares). The active layer was prepared using a PCBM overlayer spun
from a 12.5 mg/mL DCM solution. Even though the short-circuit and
reverse-bias saturation currents greatly increase upon thermal
annealing, as discussed in ref 22, the PL quantum yield of the active
quasi-bilayer decreases upon thermal annealing, indicating that the
annealing-induced current increase does not result from increased
donor/acceptor interfacial area.
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