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ABSTRACT: In this work, we use the time-resolved micro-
wave conductivity (TRMC) technique to study the dynamics
of charge carrier generation in sequentially deposited
conjugated polymer/fullerene layers. These layers are either
fully solution-processed, using orthogonal solvents for the
layers of the polymer poly(3-hexylthiophene) (P3HT) and the
fullerene phenyl-C61-butyric acid methyl ester (PCBM), or
prepared by thermally evaporating a C60 layer onto P3HT
films. Our work is motivated by the remarkable efficiency of
organic photovoltaic (OPV) devices using a sequentially
processed P3HT/PCBM active layer. Here we use an electrodeless photoconductivity probe, so we can photoexcite the
sample either through the polymer or the fullerene layer. We use samples with extremely thick P3HT films (2.4 μm) and show
that excitation from either side of both as-cast and thermally annealed sample yields virtually identical results, consistent with
mixing of the PCBM into the polymer film. We also compare solution-deposited samples to samples made by thermally
evaporating C60 on P3HT, and find that we can distinguish between charge generation in bulk-P3HT and at the polymer/
fullerene interface. We show that, despite their morphological differences, the carrier dynamics in the sequentially processed
samples resemble those of mixed, bulk heterojunction (BHJ) systems. All of this is consistent with the idea that PCBM readily
mixes into the P3HT film in sequentially deposited P3HT/PCBM samples, although the total amount of fullerene mixed into the
P3HT appears to be less than that typically used in an optimized BHJ. Finally, we discuss the implications for OPV device
architectures prepared by sequential deposition from solution.

1. INTRODUCTION
Recent advances in the efficiency of solution-processed organic
photovoltaic (OPV) devices1 have transformed them from a
scientific curiosity to a technologically relevant renewable
source of energy using environmentally friendly materials.2−4

The most basic method to fabricate an OPV active layer
composed of a conjugated polymer and a fullerene derivative is
simply to blend the two materials in a solution and cast the
blend into a film. This strategy results in a composite structure
that overcomes the limitation of the short exciton diffusion
length (typically reported to be between 4 and 10 nm5−8) in
the conjugated polymer by distributing the polymer−fullerene
interface throughout the bulk of the film, hence the term bulk
heterojunction (BHJ).2,3 After light absorption, typically by the
conjugated polymer component, the exciton is dissociated into
free carriers at the polymer−fullerene interface; the electron is
then conveyed via the fullerene network to a metal contact, and
the hole is transported to the other contact via the polymer
phase.2,3

Although a major factor in the remarkable increases in
efficiency is the design of new materials tailored for enhanced

harvesting of the solar spectrum, the need to optimize the
method of deposition of the active layer from solution is
ubiquitous. OPV devices have power conversion efficiencies
(PCEs) that are critically dependent on the precise method
used to deposit a film from a blend solution; varying simple
processing parameters such as the solvent9,10 or the temper-
ature of the solution and/or substrate11,12 or using processing
additives that influence the morphology of the resulting
film13,14 can all influence the performance of BHJ devices.
Recently, a new method to solution-process polymer−fullerene
OPV active layers has been proposed by Ayzner et al.,15 in
which the polymer poly(3-hexylthiophene) (P3HT) and the
soluble fullerene derivative phenyl-C61-butyric acid methyl ester
(PCBM) are deposited sequentially and separately from
orthogonal solvents instead of from a mixed solution. As
shown by Ayzner et al.,15 this approach results in solar cells
with a PCE of 3.5%, which is only ca. 0.2% lower than a fully
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optimized (and certified) BHJ OPV device with the same active
materials deposited from a mixed solution.16 Such performance
is remarkable and rather surprising given that the thickness of
the polymer layer (d ≈ 115 nm) is much larger than the exciton
diffusion length,5−8 and has sparked interest in investigating the
morphology and charge generation mechanisms in sequentially
deposited organic layers.
Lee et al.17 have undertaken a detailed study of the

morphology of solution processed P3HT/PCBM samples
formed by sequential layer deposition using a very similar
approach to ref 15. By using X-ray photoelectron spectroscopy
(XPS), in combination with neutron reflectometry, they found
that, even with the use of orthogonal solvents and no thermal
annealing, the PCBM mixes into the P3HT underlayer.17

Surprisingly, they found that PCBM has a constant
concentration profile with depth in the P3HT layer, reaching
all the way to the substrate, suggesting a nondiffusive
mechanism for incorporation. These authors suggested that
intermixing is most likely driven by swelling of the P3HT in the
solvent used to deposit the PCBM without destroying the
ordered domains of P3HT, and that subsequent thermal
annealing can drive the process to completion.
In addition, Treat et al.18 used a float-casting method to

prepare a free-standing P3HT film that was placed on top of a
PCBM film to form a true bilayer structure. Using dynamic
secondary ion mass spectrometry, they showed a clear driving
force toward a homogeneous mixture of P3HT and PCBM
from a distinctly heterogeneous structure even after moderate
thermal annealing at 50 °C. These results strongly suggest that
mixing of PCBM within P3HT occurs only within disordered
regions of P3HT and has little effect on the presence or growth
of the P3HT crystallites during thermal annealing, providing
evidence that the fullerene phase is most likely either
aggregated and/or molecularly dispersed within disordered
regions of P3HT.19

Several other groups have attempted to construct OPV
devices either by deposition of a fullerene layer onto a polymer
layer through thermal evaporation of C60

20−23 or by casting a
fullerene-rich layer onto a polymer-rich layer from an
orthogonal solvent.24−27 This type of deposition was typically
followed by thermal annealing above the glass transition
temperature of the polymer, which promotes fullerene diffusion

into the polymer phase, resulting in the formation of a mixed
polymer/fullerene phase with the concentration of the majority
carrier component located in the vicinity of the desired device
contact. These device architectures have therefore been referred
to as concentration-graded bilayers.
Although the structure of sequentially deposited polymer/

fullerene films is a topic of intense interest, the dynamics of
photoinduced charge generation and decay have not yet been
addressed, and form the scope of this paper. Motivated from
previous device work,15 here we study polymer/fullerene
samples that include the same active layers as were used in
devices, with the addition of samples that would not work as an
active layer in a device but allow us to understand the mixing of
the polymer and fullerene components and its effect on
photocarrier dynamics.
Specifically, we fabricated samples onto quartz substrates (a)

by sequentially depositing the polymer and fullerene layers
from solution using orthogonal solvents, dichlorobenzene
(DCB) for P3HT and dichloromethane (DCM) for PCBM,
and (b) by thermally evaporating the fullerene (C60) onto a
solution-deposited polymer film. We then used the flash-
photolysis time-resolved microwave conductivity (FP-TRMC)
technique to study the dynamics of charge generation and
decay in these samples. Using this contactless photoconductiv-
ity probe allows photoexcitation of the sample either through
the polymer or fullerene layer.
For our studies, we chose to use a thick (d ≈ 2.4 μm)

polymer film and to photoexcite the sample either through the
quartz substrate (Figure 1a) or through the top PCBM layer
(Figure 1b). Depending on the degree of mixing of PCBM into
the polymer film, there will be an asymmetry between the two
directions of excitation. If the polymer is photoexcited through
the glass substrate (Figure 1a) and the absorption depth of the
excitation, 1/α, is small compared to the difference of the film
thickness d and the distance L over which excitons can move
during their lifetime, then excitons cannot reach the polymer/
fullerene interface to undergo dissociation. Thus, in this case, a
photoresponse resembling that of a pure polymer film is
expected, i.e., a low yield for free carrier generation and a
correspondingly low photoconductance signal.28−30 This result
is expected no matter whether the excitons move by simple
diffusion or via some other process, such as long-range energy

Figure 1. Photoexcitation geometries for the sequentially deposited organic layers: (a) excitation through the P3HT underlayer and (b) excitation
through the fullerene overlayer. L is the exciton diffusion length, d is the P3HT thickness, 1/α is the absorption depth, and the stars represent
photogenerated excitons. For planar interfaces, such as the ones shown in (a) and (b), the two types of excitation can be distinguished provided that
1/α ≪ d − L. (c) A sample in which the fullerene is mixed with the P3HT, to form a BHJ-like structure where the same photoresponse is expected
irrespective of the direction of illumination. In the text, we refer to illumination geometry (a) and (b) to represent illumination through the substrate
or through the free surface of the sample, respectively, even though the samples may not be the idealized bilayers depicted above.
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transfer.31,32 On the other hand, if the samples are photoexcited
through the fullerene overlayer (Figure 1b), a significant
number of excitons will be produced within L of the polymer/
fullerene interface, so enhanced free carrier generation and an
increased photoconductance signal are expected, as is typically
observed in donor−acceptor systems.5,30,33−35

With this reasoning, we also would expect that decreasing the
thickness, d, of the sample will gradually diminish the
asymmetry between the two directions of excitation. It is
important to note, however, that this asymmetry will be
preserved even if there is mixing of the two layers, provided
that PCBM does not reach the region of the polymer film
where photoexcitation occurs (Figure 1a). On the other hand, if
PCBM diffuses all the way through the thick polymer film, as in
Figure 1c, the two photoexcitation directions will become more
symmetrical; i.e., both will generate excitons in the vicinity of a
BHJ-like interface and result in enhanced free carrier generation
in the sample. We will show that the latter is the case when the
polymer and PCBM are solution-castlittle or no asymmetry
is found in the magnitude of the photoconductance for the two
directions of excitation, and the photoconductance transients
resemble those of a P3HT:PCBM BHJ.36

Overall, on the basis of our analysis of photoconductance
transients in sequentially deposited samples from solution, we
conclude that, in addition to mixing of the fullerene in the
polymer film, pure fullerene domains are also formed, whose
conductance behaves in much the same way as in a BHJ. We
also estimate the weight ratio of solvent-cast fullerene that
mixes into a 75 nm P3HT film (similar to that used in devices
by Ayzner et al.15) in the range of 5−20%. Literature estimates
have given an effective PCBM loading of 35% in P3HT,
although the P3HT film in that case was thinner (ca. 50 nm).17

In addition, we also show that, when the fullerene layer is
deposited by vacuum sublimation, strong asymmetry is found
between the two directions of excitation, indicating limited or
no diffusion of the thermally deposited fullerene into the
polymer underlayer. Our results also confirm that annealing
promotes mixing of the polymer and fullerene, no matter how
they are deposited, as has been observed by others.17,18 Finally,
we discuss how our conclusions, based on contactless
photoconductivity measurements, can be used to understand
the operation of complete OPV devices with a sequentially
deposited P3HT/PCBM active layer.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. In the following, we will use the

notation P3HT/fullerene to denote a sample where the P3HT
and fullerene have been deposited sequentially, whereas BHJ
samples deposited from a blend solution are referred to as
P3HT:fullerene. For the P3HT/fullerene films in this work,
both solution-deposited PCBM and thermally evaporated C60
were used. The fabrication of fully solution-processed organic
bilayers requires finding a set of orthogonal solvents37 such that
the solvent used to deposit the fullerene overlayer does not
dissolve the polymer underlayer. For P3HT/PCBM samples,
we used dichloromethane (CH2Cl2) for this purpose because
PCBM is reasonably soluble in DCM and the solubility of
P3HT in DCM is very low, making it possible to spin-coat
PCBM layers on top of P3HT.15 In some cases, as-received
P3HT was pretreated (washed) in DCM by extracting a
significant amount of P3HT with some DCM solvent prior to
deposition of the polymer film, as described in more detail
below.

Films for photoconductance measurements were deposited
onto 10 mm × 24 mm quartz substrates that were cleaned by
subsequent ultrasonic baths in deionized water for 5 min, and
acetone and isopropanol for 20 min each. The substrates were
then blown dry with N2 gas and briefly treated with an oxygen
plasma (800 mTorr for 5 min) prior to the deposition of the
polymer layer. We prepared solutions of regioregular P3HT
(Rieke/BASF P100 Sepiolid, MW ∼ 50 000 g/mol) in
dichlorobenzene (DCB) at concentrations of 25 and 50 mg/
mL in order to obtain the targeted thickness. The solutions
were stirred for at least 24 h at 60 °C on a digitally controlled
hot-plate in a N2-filled glovebox before being cooled to room
temperature and deposited onto the quartz substrates.
Thick, drop-cast films (2.4 ± 0.4 μm) of P3HT (both as-

received and washed in DCM) were used throughout this
study, except for the experiments described in section 3.4 where
the thickness of the P3HT film was varied to provide a
comparison with device-relevant active layers. These thinner
films were deposited by spin-coating at different speeds,
producing P3HT films with thicknesses of 75 ± 5, 470 ± 71,
and 800 ± 105 nm, as determined by a Dektak profilometer.
Prior to deposition of the fullerene overlayer, freshly deposited
P3HT films were allowed to dry slowly in a covered Petri dish
in a N2 atmosphere overnight for the spin-deposited films and
for approximately 5 days for the drop-cast films.
Following Ayzner et al.,15 we prepared solutions of PCBM

(Nano-C) in DCM at a concentration of 10 mg/mL; since the
boiling point of DCM is about 40 °C, the 10 mg/mL solution
was stirred for at least 24 h at 35 °C and briefly heated up to 40
°C to ensure maximal dissolution. The PCBM solution in
DCM was filtered prior to spin-coating 10 μL at 4000 rpm for
10 s onto the P3HT films, producing a PCBM overlayer with a
nominal thickness of ∼34 nm, based on a previous report.15 As
a control, we also solution-deposited C60 following the same
procedure as for the PCBM overlayer. We used a nominal
concentration of 10 mg/mL of C60 in DCM, which corresponds
to an ∼25% increase in the molar concentration of C60 relative
to PCBM. However, much of the powder remained
undissolved, due to the poor solubility of C60, and for this
reason, it is difficult to quantify the amount of fullerene
deposited, and therefore to predict the relative fullerene loading
upon mixing into the P3HT underlayer. Despite this, the
solubility was still sufficient to provide a qualitative comparison
of TRMC data for sequentially deposited samples using both
C60 and PCBM.
In addition to the solution-deposited C60 and PCBM

overlayers, we also created fullerene overlayers by thermal
evaporation of C60 powder onto P3HT films. In this case, the
P3HT films were kept in a vacuum (∼10−5 mbar) for at least 2
h prior to the evaporation of C60 at a rate of 2 Å/s, producing
C60 overlayers of 20 ± 2 nm. Neat films of P3HT, PCBM, and
C60 were also deposited for comparison.
Finally, we prepared P3HT:PCBM BHJ blends with 1, 5, 20,

and 50% by weight PCBM loading in order to compare with
bilayer samples and make an assessment of the effective
fullerene loading in the sequentially solution-deposited samples.
BHJ solutions were prepared with a total active material
content of 7.5 mg/mL in chloroform and were stirred overnight
at 50 °C under a nitrogen atmosphere. The blends with
different PCBM loadings were then drop-cast onto clean, O2-
plasma-treated quartz substrates and allowed to dry slowly,
followed by subsequent annealing at 50 °C for 1 min to remove
any residual solvent from the blend.
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2.2. P3HT Treatment. To ensure that the solvents used in
our sequential deposition technique were as orthogonal as
possible, for some of our samples, we extracted P3HT with
DCM prior to film deposition in order to remove any portion
of the material that was soluble in DCM. To do this, we placed
300 mg of the as-received P3HT (Rieke/BASF P100 Sepiolid,
MW ∼ 50 000 g/mol) powder in a 500 mL beaker with DCM
solvent and stirred at room temperature for several days. The
solid material that remained undissolved was then collected
from the solution by filtration and dried overnight under a
vacuum at room temperature. We refer to this material as
washed P3HT and denote it as w-P3HT hereafter. The
remaining DCM solution, which included the portion of the
P3HT powder that dissolved in DCM, was also collected for
subsequent molecular weight analysis.
Gel permeation chromatography (GPC) analysis was

performed on both the as-received and washed P3HT as well
as on the DCM-extracted P3HT, in order to examine the effect
of the P3HT washing procedure on the molecular weight
distribution of the polymer. To do this, solutions of the three
P3HT polymer samples (as-received, washed, and the solution
extract) were prepared at 1 mg/mL in chloroform and allowed
to stir at 50 °C on a digitally controlled hot-plate in a N2-filled
glovebox for ∼24 h before cooling to room temperature and
filtering through a 1.0 μm PTFE syringe filter. The 50 μL
samples were then injected into an Agilent LC1200 liquid
chromatography system and passed through a PLgel 5 μm
MIXED-D column (300 mm × 7.5 mm i.d.) with HPLC-grade
chloroform eluent at 1 mL/min. Detection was accomplished
with an Agilent 1200 series refractive index detector (RID) at
35 °C, with calibration of retention time against Agilent
polystyrene standards.
2.3. Photoconductance Measurements. The photo-

conductance of the samples was measured using the flash-
photolysis time-resolved microwave conductivity (FP-TRMC)
technique, which has been described previously.5,28−30,33,34 An
advantage of this technique is that it does not require electrical
contacts, which is critical to this study because measurements of
polymer/fullerene films can be performed following photo-
excitation of the sample through either the polymer or fullerene
layer in order to investigate the importance of excitation of the
polymer both a long distance from and at the polymer/
fullerene interface (see Figure 1). The concept of illuminating
bilayer samples from either side and using TRMC to probe
photoinduced carrier generation has previously been used to
determine the exciton diffusion length in P3HT,5 where a
compact TiO2 underlayer was used as the electron acceptor,
providing a planar exciton-dissociating interface.
The samples are placed in a resonance cavity at the end of an

X-band microwave waveguide, and the time-dependent change
of the microwave power in the cavity, ΔP(t), due to transient
changes in the conductance of the samples upon illumination
with 5 ns laser pulses was monitored with nanosecond
resolution. The laser pulse source was an Optical Parametric
Oscillator (OPO − Continuum Panther) pumped by the 355
nm harmonic output of an Nd:YAG laser (Continuum
Powerlite). The OPO was tuned to 500 nm for excitation of
the polymer, and samples were measured with the pump beam
incident either on the air/quartz or air/fullerene interface, i.e.,
through the polymer or through the fullerene layer,
respectively. The samples were measured both as-deposited
and after thermal annealing at 150 °C for 20 min on a digitally
controlled hot-plate in a N2 atmosphere. The beam was

diverged to the measuring cell to ensure a uniform profile over
the whole sample, and the typical laser fluence was ca. 3.5 mJ/
cm2/pulse; for transients measured at lower excitation
intensities, the pulse power was attenuated with a series of
neutral density filters.
The time-dependent change in the microwave power

absorbed by the sample is related to the photoinduced
conductance, ΔG(t), of the films by5,28−30,33,34

Δ = − Δ
G t

K
P t
P

( )
1 ( )

(1)

where K is an experimentally determined calibration factor
derived from the resonance characteristics of the cavity and the
dielectric properties of the sample. The response of the
resonant microwave cavity is 6−10 ns and depends on the type
of sample measured; this is taken into account in our analysis
and discussed in more detail in section 3.4.
The end-of-pulse (EOP, or peak) value of the measured

photoconductance is related to the product of the quantum
yield (ϕ) for mobile charge carrier generation per absorbed
photon under the 5 ns long pulses and the sum of the electron
and hole mobilities (∑μ = μe + μh) by

∑Δ = β ϕ μG q I F [ ]EOP e 0 A (2)

where I0 is the incident photon flux, FA is the fraction of
incident light absorbed by the film, β is the ratio between the
broad and narrow inner dimensions of the waveguide used, and
qe is the elementary charge. At low absorbed photon flux,
ΔGEOP increases linearly with I0; however, as the light intensity
increases, higher-order processes occur that limit the carrier
generation yield, ϕ, and the dependence becomes sub-
linear.28,30 We use the empirical relationship given in eq 3 to
extrapolate to the linear response limit of the photo-
conductance at low excitation intensities:

Δ =
+ +

G
AI F

BI F CI F1EOP
0 A

0 A 0 A (3)

where A, B, and C are fitting parameters.38 Comparison of eqs 2
and 3 allows us to obtain the linear response limit as A =
βqe[ϕ∑μ].

3. RESULTS AND DISCUSSION
3.1. P3HT Pretreatment. To begin, we discuss the effects

of the P3HT washing procedure on the molecular weight
distribution of the polymer, which we investigated using gel
permeation chromatography (GPC) as shown in Figure 2.
Washing with DCM predominately removes lower molecular
weight material, as seen from the trace for the DCM-extracted
portion of the material (gray triangles), causing the molecular
weight distribution of the washed, w-P3HT (green squares),
sample to shift to higher molecular weights compared to the as-
received sample (red circles).
In addition to GPC, we have also performed several control

experiments (data not shown) in order to check whether the
application of DCM solvent during spin-coating of the PCBM
overlayer would change the properties of the P3HT film
underlayers. The first experiment consisted of measuring the
absorption spectra of as-received P3HT and the w-P3HT films,
both prior to and after spin-coating a drop of 10 μL of DCM
solvent on the film surface at 4000 rpm for 10 s. Compared to
the films without the DCM drop, the films with a drop of DCM
solvent showed a slightly lower OD, ca. 5 and 7% lower,
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respectively, for the w-P3HT and P3HT that we attribute to a

removal of some of the P3HT material on the surface that is

soluble in DCM. This result also suggests that there is still a

small amount of soluble fractions of w-P3HT that is potentially

soluble in DCM. We note that a smaller drop (1−2%) in OD

was observed by Ayzner et al.15 when DCM was spun onto the

P3HT film. In that report, the authors utilized a double

extraction method that effectively removed a larger fraction of
the polymer that was soluble in DCM.
The second control experiment consisted of measuring the

photoconductance by TRMC of the w-P3HT and the as-
received P3HT where we observed nearly identical results for
both films, indicating similar photocarrier generation and decay
dynamics in the two samples.

3.2. TRMC of P3HT/Fullerene Samples with Thick
P3HT. In this section, we present TRMC results of P3HT/
PCBM and P3HT/C60 samples with P3HT film underlayers
that are all ca. 2.4 μm thick. In Figure 3, we show
photoconductance transients measured by TRMC for unan-
nealed P3HT/PCBM and P3HT/C60 films compared to a 1:1
by weight P3HT:PCBM blend (black traces); the response for
a neat P3HT film (gray traces) is also shown for comparison.
We note that for this sample thickness all excitation photons
are absorbed; therefore, comparison between the samples can
be carried out without normalizing the photoconductance
transients by the fraction of light absorbed. Figure 3a shows ΔG
transients for samples excited from the substrate side (the
illumination geometry of Figure 1a). The high photo-
conductance observed in the P3HT:PCBM BHJ sample
compared to the pure P3HT film is attributed to two factors:
(1) the increase of the yield for free carrier generation, ϕ (eq
2), when the acceptor is present, and (2) the contribution to
∑μ (eq 2) of the mobility of electrons in PCBM domains, as

Figure 2. Gel permeation chromatograms for as-received, washed-
(DCM-insoluble), and extract- (DCM-soluble) P3HT.

Figure 3. Photoconductance decay transients for sequentially deposited P3HT/fullerene samples illuminated through the substrate (left) and
through the fullerene overlayer (right): cartoons show the illumination geometry. (a and b) Solution-deposited PCBM overlayer, on either as-
received (red squares) or washed (blue triangles) P3HT. (c and d) Thermally evaporated C60 on as-received (green triangles) or washed (orange
diamonds) P3HT. Also shown for comparison are transients for neat P3HT (gray circles) and a 1:1 P3HT:PCBM bulk heterojunction (black
circles). In all cases, the P3HT underlayer thickness was ∼2.4 μm, the samples were not thermally annealed, the excitation wavelength was 500 nm,
and the absorbed photon flux was ca. 5 × 1015 cm−2.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp212390p | J. Phys. Chem. C 2012, 116, 7293−73057297



has been documented in detail previously.35,36 Pure P3HT is an
excitonic semiconductor with a low ϕ of ca. 2%28−30 and a ∑μ
that is dominated by the mobility of holes in the polymer,
measured to be 0.014 cm2/(V·s) using pulse-radiolysis
TRMC.39 When PCBM is added in a BHJ structure, ϕ
increases to ca. 90%36 and ∑μ now also includes the mobility
of electrons in PCBM, which has been estimated to be in the
range 0.014−0.064 cm2/(V·s) depending on the PCBM
loading.36

When examining the transients in Figure 3, it is important to
remember that laser pulses of 500 nm entering the P3HT/
PCBM sample through the substrate are absorbed within ∼100
nm of the quartz/P3HT interface. Thus, it is somewhat
surprising that the magnitude of the photoconductance of the
sequentially deposited sample using as-received P3HT (red
trace) is about a factor of 8 larger than that of the pure polymer.
A small drop in ΔG is observed when w-P3HT is used (blue
trace); however, ΔG for the w-P3HT/PCBM films is still about
a factor of 7 larger than that of pure P3HT. This increase in ΔG
for the sequentially solution-deposited films is thus indicative of
mixing of the PCBM into the 2.4 μm thick P3HT underlayer to
a depth within 100 nm of the substrate.
To understand the degree to which PCBM mixes with the

P3HT underlayer, Figure 3b explores the nature of the
photoconductance transients obtained following excitation of
these same samples through the top PCBM layer (geometry of
Figure 1b). Comparison of the black curves in Figure 3a and b
shows that the photoconductance transients for the BHJ sample
are identical for both excitation geometries, as expected for a
homogeneous, symmetric sample. In contrast, there is an
increase of the photoconductance of the P3HT/PCBM and w-
P3HT/PCBM samples when they are photoexcited through the
top (fullerene) layer relative to when they are excited through
the substrate. This indicates that there is less fullerene in the
vicinity of the substrate in the sequentially solution-processed
samples than there is at the top interface where the PCBM was
deposited.
Figure 3c compares photoconductance transients for the

excitation geometry in Figure 1a of samples of pure P3HT
(gray trace), P3HT:PCBM BHJ (black trace), and P3HT/C60
(green and orange traces), where the C60 was deposited by
thermal evaporation. The magnitude of the ΔG transient for
the P3HT/C60 films, with both as-received P3HT and w-P3HT,
is almost identical to that for pure P3HT. This is consistent
with the idea that any mixing of thermally evaporated C60 into
the thick P3HT underlayer film is either nonexistent or limited
to a region close to the interface. In contrast, Figure 3d shows
that photoexciting these samples through the top C60 layer
(geometry of Figure 1b) results in a significantly higher peak
photoconductance signal, as would be expected for an
enhanced free carrier yield because excitons are generated
close to the P3HT/C60 interface.
To further analyze the nature of PCBM mixing in our

samples, we use the peak of the photoconductance transient,
ΔGEOP, as a probe of the yield of photocarrier generation
during the laser pulse. These values are plotted in Figure 4
against the absorbed photon flux (I0FA) for samples illuminated
through the quartz substrate. All samples exhibit the well-
documented sublinear dependence of ΔGEOP on I0FA, which is
caused by the quenching of excitons by free charge carriers at
high excitation intensities.30,36 The peak photoconductance of
the P3HT/PCBM and w-P3HT/PCBM is about an order of
magnitude higher than that of P3HT throughout the range of

intensities. Figure 4 also shows that ΔGEOP of the P3HT/C60
sample with evaporated C60 is within the experimental error of
the photoconductance of the pure P3HT sample. The
differences in the magnitude of ΔGEOP observed between the
solution-cast PCBM layer in the P3HT/PCBM sample and the
thermally evaporated C60 layer in the P3HT/C60 sample
indicate a difference in the morphology of this sample: vacuum
deposition of C60 limits or entirely prevents mixing with the
P3HT film, at least for samples that have not been annealed
(vide inf ra).
In order to verify that solution-casting of the fullerene is the

cause of the difference between the morphology and thereby
the photoconductance of the P3HT/PCBM and P3HT/C60
samples, we carried out an additional experiment in which we
cast C60 onto P3HT from a 10 mg/mL DCM solution using
identical deposition conditions to that for PCBM (see the
Experimental Section for details). The magnitude of ΔGEOP for
that sample (also shown in Figure 4) is comparable to the
solution-cast P3HT/PCBM films. Clearly, whenever the
fullerene (PCBM or C60) is cast f rom solution, the increase of
ΔGEOP relative to the pure polymer is caused by mixing of the
fullerene into the P3HT film, consistent with independent
structural studies of sequentially deposited polymer/fullerene
layers.17,18 We note that the rather extreme thickness (ca. 2.4
μm) of the polymer layer in the samples used to collect the data
shown in Figure 4 is at least 2 orders of magnitude larger than
the length of exciton diffusion in P3HT (4−10 nm)5−8 and
previously reported characteristic length scales for exciton
transfer by Förster processes (ca. 11 nm).32 Therefore, mixing
of the fullerene into the polymer is the only plausible
explanation for the increased photoconductance of solution-
cast P3HT/fullerene samples when they are photoexcited
under the scheme shown in Figure 1a. The data of Figure 4 also

Figure 4. The peak (or end of pulse) photoconductance values as a
function of absorbed photon flux for sequentially deposited P3HT/
fullerene samples: solution-deposited PCBM overlayer, on either as-
received (red squares) or washed (blue triangles) P3HT, solution-
deposited C60 overlayer on as-received P3HT (purple diamonds), and
thermally evaporated C60 overlayer on as-received P3HT (green
triangles). Also shown for comparison are the peak photoconductance
values for neat P3HT (gray circles) and a 1:1 P3HT:PCBM bulk
heterojunction (black circles). The standard deviations of the abscissa
and ordinate values correspond to ∼15% of the value, determined
from the standard deviation of the laser pulse energy (error bars are
omitted for clarity, since they are comparable to the size of the
symbols), and the solid lines are fits to the data using eq 3.
Illumination was performed through the substrate, as depicted in the
cartoon, at a wavelength of 500 nm.
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show that prewashing the P3HT with DCM has relatively little
effect on the mixing of solution-cast fullerene into it, lending
further support to the hypothesis that swelling of the
amorphous P3HT regions by the DCM is what drives fullerene
mixing in solution-processed multilayer films.17,40 Finally, we
also verified that spin-coating pure DCM onto a P3HT film did
not result in any significant change in the photoconductance
(data not shown).
In summary, we conclude that the scheme depicted in Figure

1a is only applicable when the fullerene is thermally evaporated
onto P3HT. For fullerenes, either PCBM or C60, deposited
f rom DCM solution onto P3HT, the resulting geometry is
something approaching that illustrated in Figure 1c.
3.3. Effects of Thermal Annealing on the Mixing of

Solution-Processed P3HT/PCBM Films. Although we only
have discussed as-cast films, previously it was shown that
thermal annealing of P3HT/PCBM films leads to a significant
photovoltaic performance improvement.15 Structural work also
has suggested that thermal annealing drives additional PCBM
from the solution-cast overlayer into the P3HT underlayer,
even though the extent of photoluminescence quenching for
the P3HT/PCBM samples is smaller following thermal
annealing.17 Thus, in this section, we discuss the effects of
thermal annealing on the photoconductance response; the
samples were annealed in an inert atmosphere at 150 °C for 20
min.
In order to obtain the low-intensity limit for the ϕ∑μ

product, we fit the ΔGEOP vs I0FA data of Figure 4 with eq 3 at
low light intensities where higher-order processes are
negligible.28,30 The results for the P3HT/fullerene samples
with thick (2.4 μm) P3HT underlayers that were excited
through the quartz substrate are shown in Figure 5. The value
of ϕ∑μ obtained here for P3HT and for the P3HT:PCBM
BHJ is in good agreement with previous work.28−30,35,36 We
note that the low intensity limit of ϕ∑μ for the sequentially
deposited P3HT/PCBM sample is ca. 0.04 cm2/(V·s), which
means that (since the free carrier yield cannot exceed unity, ϕ <

1) the lower limit of the sum of the mobilities is 0.04 cm2/
(V·s). As we will discuss in more detail below, the hole mobility
in P3HT has been found to be 0.014 cm2/(V·s);39 therefore,
ϕ∑μ includes a substantial contribution from electron
mobility, indicating that PCBM aggregates are formed during
mixing with the P3HT film. These values correspond to the
high-f requency mobility measured with the 9 GHz microwave
probe beam and should not be directly compared to mobilities
measured using device methods such as photocarrier time-of-
flight (TOF) or charge extraction by a linearly increasing
voltage (CELIV).
The data in Figure 5 also show that only small changes are

observed in the photoconductance of P3HT and the
P3HT:PCBM BHJ after annealing. Despite the dramatic
processing-induced changes observed in the performance of
photovoltaic devices with P3HT:PCBM BHJ active layers,41

TRMC is a local photoconductivity probe that does not require
long-range percolation of charge carriers and is therefore
relatively insensitive to annealing. Furthermore, our BHJ
sample was drop-cast and the slow drying process has
essentially replicated the effect of thermal annealing.
In the case of the w-P3HT/PCBM sample, however, ϕ∑μ

increases with annealing, indicating that prewashing the P3HT
with DCM decreases the total amount of PCBM that mixes
into the underlayer during solution deposition of the PCBM
overlayer, consistent with the idea that the fullerene only
penetrates into amorphous regions of the P3HT. After the
annealing step, diffusion of PCBM is promoted, and ϕ∑μ for
the w-P3HT/PCBM sample reaches the same value (within
error) as the P3HT/PCBM sample with untreated P3HT.

3.4. Analysis of Photoconductance Decay Transients.
The photoconductance transients of Figure 3 show that mobile
photoinduced carriers are detected at time scales greater than
100 ns, well beyond the ∼5 ns width of the laser excitation
pulse. The collection time of photoinduced carriers in an OPV
device under operating conditions ranges from hundreds of ns
to μs;30 therefore, our results show that in the sequentially
processed samples the carriers survive long enough to be
collected as photocurrent under a built-in field in an OPV
device, provided there is a percolation pathway for the electrons
(vide inf ra). Interestingly, the fact that the photoinduced
carriers are so long-lived, even in the absence of the built-in
fields present in an operating device, suggests that the
microstructure formed in sequentially deposited samples
hinders carrier recombination at the P3HT−fullerene interface.
A recent experimental study of P3HT:PCBM blends suggested
that a reduced recombination rate resulted from an energetic
barrier at the interface,36 which was also recently predicted
theoretically, using a combination of classical molecular
dynamics and quantum chemical calculations to study the
electronic structure of P3HT at the interface with PCBM.42

In the following, we use the end-of-pulse (peak) values of the
photoconductance obtained in the previous section as input for
a quantitative analysis of the time dependence of ΔG; in what
follows, we focus on the conductance dynamics during the first
450 ns in our P3HT/fullerene samples. The values of ϕ∑μ
presented in the previous section can be used to make an
estimation of the quantum yield for carrier production (ϕ) if
the sum of the mobilities (∑μ = μe + μh) is known. In previous
pulse radiolysis TRMC studies of pristine P3HT, carrier
transport was dominated by mobile holes and μh,P3HT was
found to be 0.014 cm2/(V·s).39 This value has also provided a

Figure 5. The product of the quantum yield (ϕ) for mobile charge
carrier generation and the sum of the mobilities (∑μ) for neat P3HT,
a (1:1) P3HT:PCBM bulk heterojunction, and sequentially deposited
polymer/fullerene layers with a combination of either solution-
deposited PCBM or evaporated C60 overlayers and P3HT or w-P3HT
underlayers. Illumination was performed through the substrate at a
wavelength of 500 nm.
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consistent interpretation of TRMC results under pulsed laser
excitation.30,36

We have previously developed a methodology for the
analysis of TRMC transients in P3HT:PCBM blends,30 and
have applied this analysis to BHJs with varying loading ratios of
PCBM.36 The latter resulted in values for ∑μ in BHJ in the
range 0.03−0.08 cm2/(V·s), and are in agreement with values
reported by others.35 In order to carry out analysis of the
photoconductance transients in this work, we chose to use an
average value of ∑μblend = 0.05 cm2/(V·s) as the sum of the
mobilities in blend, or blend-like, samples. We emphasize that
the conclusions presented below are virtually insensitive to
variations of the chosen value for the sum of the mobilities
within the reasonable range given above that spans the values
reported using TRMC in P3HT:PCBM BHJs.33,35,36

Our analysis of the photoconductance transients is based on
the observation that the experimentally measured ΔGexp(t) is
the convolution of the actual photoconductance, ΔG(t), with
the response function of the microwave cavity, F(t):30

Δ = ⊗ ΔG t F t G t( ) ( ) ( )exp (4)

where ΔG(t) ∝ qe[nhμh + neμe] and F(t) is given by30
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where τrise is the rise and τdecay the decay time of the cavity
response centered around t ̅ and N is a normalization factor.

Although ΔG(t) formally includes contributions to the
photoconductance from both electrons and holes in the
material system under investigation, for the samples studied
here, one of the two charge carriers will dominate the signal if
its mobility is higher. Specifically, in pure P3HT, the primary
contributors to ΔG(t) are the holes with a mobility of ca. 0.014
cm2/(V·s),39 while a P3HT:PCBM BHJ has a higher electron
mobility in the PCBM domains (0.04−0.08 cm2/(V·s)),35,36

making electrons the dominant carrier in the photoconductance
signal.
This observation allows us to formulate a simple model for

ΔG(t) as follows. If we assume that the decay of the dominant
carrier after photoexcitation is due to competing first- and
second-order loss processes, we arrive at

= − − γn
t

k n n
d[ ]

d
[ ] [ ]2

(6)

where k and γ are, respectively, rate coefficients that describe
the first- and second-order loss processes and n is the dominant
charge carrier density. Using the solution of eq 6 for the carrier
density, we obtain the following expression for the photo-
conductance:
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+ γ − γ
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where n0 is the charge density at t = 0, d is the penetration
depth of the photoexcitation, and the other parameters were
defined in the Experimental Section. A complete analysis of the

Figure 6. Photoconductance decay transients for sequentially deposited P3HT/fullerene samples, solution-deposited PCBM (red squares), and
thermally evaporated C60 (green triangles), illuminated through the substrate (left) and through the fullerene overlayer (right): cartoons show the
illumination geometry. The top panels show transients for the unannealed samples and the bottom panels for samples annealed at 150 °C for 20 min.
The solid gray lines indicate fits to the data using eqs 4, 5, and 8.
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photoconductance of P3HT:PCBM BHJs, that includes the
influence of the dark (equilibrium) carrier density in P3HT, has
been presented elsewhere and is beyond the scope of this
work.36 We have found that the simplified kinetic scheme
represented by eq 6 can adequately describe the early time
(<100 ns) carrier dynamics, which are associated with the re-
establishment of equilibrium between trapped and mobile
carriers that is perturbed by the laser pulse.36 However, an
additional empirical exponential term is required to account for
the full decay at longer times (up to 480 ns), and describes the
trap-limited recombination of carriers. On the basis of eq 7, we
have therefore formulated the following semiempirical equation
for ΔG(t):

∑Δ = β μ
+ γ − γ

+ −
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where the ad-hoc empirical exponential term is described by the
parameters nemp and kemp.

30

In previous work, we have used this methodology as a purely
empirical means to extract the actual ΔG(t) from measured
ΔGexp(t) transients.30 Here we use it to compare the time
profile of the decays of ΔG(t) of P3HT/PCBM, P3HT/C60,
and BHJ samples and determine the factors governing the
photoconductance decay dynamics in each case.
We use eqs 4, 5, and 8 to perform a global fit of the light-

intensity-dependent transients for each sample, i.e., the rate
coefficients k, γ, and kemp are “shared” for all excitation
intensities, and only n0 and nemp are allowed to vary
independently, since only the initial charge carrier densities

should vary with excitation intensity. Using a series of transients
with excitation density varying by ca. 4 orders of magnitude in
this global fitting scheme allows us to extract meaningful rate
coefficients for the photoconductance decay in each sample.
In Figure 6, we show data for two representative samples, w-

P3HT/C60 and w-P3HT/PCBM, and the corresponding fits,
the quality of which are representative of those obtained for all
samples at all measured light intensities.
Table 1 summarizes the results of the fitting process for all

the samples, which allows us to quantitatively compare the
profiles of the photoconductance decays for different samples.
The parameters k and γ in Table 1 are first- and second-order
rate coefficients that we attribute to establishment of an
equilibrium between trapped and mobile carriers36 and a
recombination process, respectively. We observe that the rate
coefficient related to the second-order decay, γ, in
P3HT:PCBM BHJ is lower by a factor of 7 compared to that
in pure P3HT. We attribute this to a slower recombination
mechanism in the blend, as a result of the spatial separation of
the electron and the hole into two different phases. A detailed
discussion of the underlying photophysics is beyond the scope
of this paper and will be reported in a forthcoming publication.
We note, however, that the decrease of γ is a “fingerprint” of
the presence of phase-separated fullerene and P3HT domains
within or close to the region described by the excitation
profile.36 In the following, we will use the magnitude of the
second-order rate coefficient γ to discuss the photoconductance
decay of the P3HT/fullerene samples compared to pure P3HT
and to the BHJ film.
Table 1 shows that, for the unannealed polymer/C60 samples

excited through the quartz substrate (Figure 1a), γ is
comparable to that obtained for pristine P3HT (∼80 × 10−12

cm3/s cf. 71 × 10−12 cm3/s). This suggests the free carriers are

Table 1. Parameters Obtained from Global Analysis of Excitation Intensity-Dependent Photoconductance Transients for
Various P3HT−Fullerene Samples

experimental conditions and samplea kb (×107 s−1) γc (×10−12 cm3/s) ϕd (%)

control P3HT 4.0 ± 2.7 71 ± 21 9 ± 4
BHJ 2.6 ± 1.4 11 ± 6 90 ± 12

excitation through quartz−film interface unannealed w-P3HT/PCBM 2.6 ± 1.0 21 ± 8 40 ± 12
w-P3HT/C60 4.0 ± 0.8 85 ± 24 6 ± 3
P3HT/PCBM 3.1 ± 1.1 25 ± 9 74 ± 22
P3HT/C60 4.0 ± 2.6 79 ± 22 7 ± 3

annealed w-P3HT/PCBM 2.7 ± 1.0 17 ± 6 68 ± 20
w-P3HT/C60 3.3 ± 1.1 25 ± 9 24 ± 6
P3HT/PCBM 2.6 ± 0.9 14 ± 5 77 ± 23
P3HT/C60 4.8 ± 1.8 10 ± 4 27 ± 8

excitation through air−film interface unannealed w-P3HT/PCBM 2.2 ± 0.8 12 ± 4 86 ± 25
w-P3HT/C60 21 ± 7 3.5 ± 1.2 25 ± 7
P3HT/PCBM 2.8 ± 1.0 19 ± 7 81 ± 24
P3HT/C60 16 ± 5 9 ± 3 35 ± 10

annealed w-P3HT/PCBM 2.8 ± 0.9 18 ± 6 75 ± 20
w-P3HT/C60 3.4 ± 1.3 18 ± 7 23 ± 7
P3HT/PCBM 3.1 ± 1.1 25 ± 9 66 ± 20
P3HT/C60 6.3 ± 2.2 10 ± 4 17 ± 5

aC60 is evaporated for all P3HT/C60 samples, and PCBM is solution-deposited for all P3HT/PCBM samples. bRate coefficient describing the first-
order decay of carriers. cRate coefficient describing the second-order decay of carriers. dCarrier quantum yield estimated using a sum of mobilities of
0.05 cm2/(V·s) in the blend and 0.014 cm2/(V·s) in pure P3HT.
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generated in the P3HT under the scheme of Figure 1a, as
discussed above, following a P3HT-like evolution over the 450
ns of the TRMC experiment. Thermal annealing significantly
reduces γ (<25 × 10−12 cm3/s), so that it is now of the same
order of magnitude as that obtained for a 50:50 P3HT:PCBM
BHJ. This is consistent with the conclusion of section 3.3,
where it was shown that thermal annealing at 150 °C for 20
min is sufficient to promote effective fullerene interdiffusion,
resulting in the formation of a BHJ-like morphology. It is also
interesting to note that γ for the P3HT/C60 sample decreases
after thermal annealing more dramatically than for the w-
P3HT/C60 sample. This implies that the fullerene molecules
diffuse more easily through the polymer domain when shorter-
chain polymer molecules are still present. For all solution-cast
PCBM overlayers, both unannealed and annealed, γ is at least a
factor of 3 smaller than for the pristine polymer; additionally,
washing the polymer prior to sample preparation has no
discernible impact on the magnitude of γ.
For all samples, reversal of the photoexcitation geometry,

Figure 1b or top excitation in Figure 1c, results in the
generation of large exciton densities close to the P3HT−
fullerene interface, which leads to effective spatial separation of
the majority of carriers, and hence, the value of γ is significantly
lower than that obtained for pristine P3HT. In the BHJ sample,
the high-frequency photoconductance signal is dominated by
the electrons in PCBM domains not only at device-optimized
PCBM loadings35 but also at much lower PCBM loadings.36

The similarities between the BHJ and the solution-cast P3HT/
PCBM samples indicate that in the latter this is also the case.
We observe that not only the yield for charge generation,

probed by the ΔGEOP, but also the second-order decay
component (rate constant γ) of the ΔG(t) dynamics in the
P3HT/fullerene films is very similar to a deliberately blended
sample; therefore, we can conclude that PCBM is also forming
domains in the P3HT/PCBM samples and is not merely
dispersing within the amorphous volume fraction of P3HT.
Table 1 also shows that the rate coefficient k is quite

insensitive to the precise nature of the sample preparation or
illumination geometry and, within error, no significant changes
are seen. The only samples that appear to deviate from the
behavior described above are the P3HT/C60 bilayers
illuminated through the air−film interface, which exhibit
elevated first-order rate coefficients compared to the other
samples. In this case, carrier generation seems to proceed
primarily via exciton dissociation at a defined polymer/fullerene
interface (Figure 1b), since little or no mixing of the C60 into
the P3HT is observed. The electrons therefore reside in a
fullerene film, and not in fullerene domains as in the solution-
cast samples and the carrier dynamics are short-lived,
characteristic of the fullerene structural family, such as single-
walled carbon nanotubes.38,43 Annealing of the (w-P3HT)/C60
sample changes k to a value similar to the solution-cast samples,
consistent with a mixed polymer−fullerene composite in which
exciton dissociation at the bulk heterojunction dominates
charge generation and electrons reside in fullerene domains
mixed in the polymer.
3.5. Effective Loading Ratio of Graded P3HT/PCBM

Bilayers. After having established the resemblance of solution-
cast P3HT/PCBM samples to BHJs, in this section, we address
the question of how much fullerene mixes into P3HT, or the
effective loading ratio of PCBM in P3HT/PCBM samples. We
carried out a comparison of the charge generation between
P3HT:PCBM samples with different PCBM loadings and

P3HT/PCBM films with different P3HT thicknesses, so that
the P3HT-to-PCBM mass ratio is also tuned. Figure 7 shows

the peak photoconductance for a series of P3HT:PCBM BHJs
with different PCBM loadings, ranging from 1 to 50% by
weight. A solution-cast P3HT/PCBM sample with a 2.4 μm
thick P3HT film is also shown for comparison. In this case, we
conclude that this particular P3HT/PCBM sample has an
effective loading of ca. 5% by weight of PCBM throughout the
P3HT volume.
In order to relate the results presented here for thick (d ≈ 2.4

μm) P3HT underlayers to the device data published
previously,15 we also investigated P3HT/PCBM samples in
which the thickness of the polymer underlayer is varied from 75
nm to 2.4 μm and the PCBM overlayer is nominally 34 nm
thick.15 The result is shown in Figure 8, where the filled
symbols (dots and squares) are the ΔGEOP of P3HT/PCBM
samples at a common absorbed photon flux of ∼1 × 1012

photons/cm2/pulse as a function of the underlayer P3HT
thickness. For comparison, bands are also shown to indicate the
ΔGEOP/FA ranges (mean ± standard deviation) at the same
absorbed photon flux for P3HT:PCBM BHJs with PCBM
loadings of 0 (neat-P3HT), 1, 5, 20, and 50%. A clear trend in
the sequentially deposited samples can be observed: ΔGEOP

increases as the P3HT thickness decreases, which we attribute
to a higher effective loading of PCBM resulting from the
molecular diffusion process.36 From Figure 8, the ΔGEOP of a
P3HT(75 nm)/PCBM has 5−20% by weight PCBM mixed
into the polymer, P3HT(470 nm)/PCBM has ca. 5%, and the
thick samples, P3HT(800 nm)/PCBM and P3HT(2.4 μm)/
PCBM, have ca. 1−5% with the effective loading exceeding 5%
in the annealed P3HT(2.4 μm)/PCBM sample.
We note that TRMC can only provide indirect evidence of

the amount of PCBM in a mixed film, based on comparison of
the magnitude of the photoconductance signal of sequentially
deposited and intentionally mixed (BHJ) samples. Indeed, the
errors associated with the estimates given above are quite large.

Figure 7. The peak (or end-of-pulse) photoconductance values as a
function of absorbed photon flux for neat P3HT (gray circles);
P3HT:PCBM blends with 1% (green circles), 5% (blue circles), 20%
(orange circles), and 50% (black circles); and a sequentially deposited
P3HT(2.4 μm)/PCBM sample in which the PCBM overlayer was
solution-deposited (red squares). Note that the light intensity
dependence of the peak photoconductance of the sequentially
deposited sample overlaps with that of a blend with 5% PCBM
loading. Illumination was performed through the substrate, as depicted
in the cartoon, at a wavelength of 500 nm.
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However, the range of PCBM loadings we determine here for
the P3HT(75 nm)/PCBM sample is consistent with the more
accurate estimate provided for a sample of similar thickness by
neutron reflectometry.17 We also expect that the amount of
PCBM that mixes into the P3HT underlayer will decrease with
the use of doubly washed P3HT, as was used by Ayzner et al. in
ref 15, as discussed above.
3.6. Comparison with P3HT/PCBM Bilayer Device

Performance. The observations above go some way toward
explaining the remarkable performance of OPV devices with a
sequentially deposited P3HT/PCBM active layer:15 during
deposition of the PCBM overlayer, a mixed structure forms
whose local conductivity resembles a BHJ. As a result, efficient
exciton dissociation15 and free carrier generation are observed
(this work). We note, however, that the final process toward
generating photocurrent in an OPV device, that of percolation
of charge carriers to the electrodes, is not probed by a high
frequency contactless technique such as TRMC.34,44 Indeed,
while a P3HT:PCBM BHJ film with only 1% by weight PCBM
has a TRMC signal that is qualitatively very similar to the
device-optimized 50% blend,36 it would yield a short circuit
current density that is almost the same as that of a pure P3HT
device due to the absence of a percolation pathway for
electrons. In the case of the sequentially deposited samples
shown here, the insensitivity of TRMC to long-range
percolation manifests itself in the insensitivity of the photo-
conductance of the solution-cast P3HT/PCBM sample to
annealing (Figure 5 and Table 1). By contrast, annealing
considerably improves the device performance as observed by
Ayzner et al.15

This limitation of TRMC notwithstanding, we can still point
out the somewhat surprising observation that the loading of
PCBM in a sequentially deposited P3HT/PCBM sample seems
to be lower than 20% by weight when P3HT is ca. 75 nm thick
(Figure 8). This is significantly lower than the optimized 50%
weight ratio in BHJ devices and warrants some discussion. The
P3HT:PCBM BHJ is considered as somewhat of an oddity
because the optimized blending ratio is 1:1 (or 50% PCBM) by
weight, as opposed to many other polymer:PCBM BJHs where

a higher loading of PCBM (up to 1:4) is required. It has been
proposed that this occurs because the density of the hexyl side
chains of P3HT prevents intercalation of the PCBM; therefore,
PCBM is effectively “expelled” from crystalline P3HT domains,
eliminating the need for excess PCBM to both fill available
intercalation sites and form a percolation pathway for
electrons.45 However, there is a considerable volume of
amorphous P3HT in a typical film,46−49 and it is this disordered
polymer phase into which the PCBM initially mixes.18,50 It has
been estimated that 40−50% of the volume of P3HT is
amorphous;48,49 therefore, the ratio of disordered P3HT to
PCBM in an optimized BHJ (50% PCBM by weight) is
between 1:2.5 and 1:2, which seems similar to other
polymer:PCBM blends. With this simple observation in mind,
we can now postulate that a PCBM loading as low as 20% by
weight in the P3HT/PCBM sample studied here effectively
equates to an approximately 2:1 P3HT:PCBM blend in the
amorphous volume of P3HT, i.e., a much more reasonable
blend ratio from a percolation standpoint.
That said, it is certainly plausible that when PCBM mixes

into an already cast, solid P3HT film the resulting morphology
is different than in a sample where the P3HT and PCBM are
deposited concurrently from a mixed solution. Indeed, Gevaerts
et al.51 have argued that, even though PCBM intermixes with
P3HT in sequentially processed films, the morphology of such
films and thus their operation in the active layer of OPV devices
is different from that of a conventional BHJ. On the basis of the
arguments above, we believe that, in sequentially processed
films, the PCBM may mix in to form a more optimal network
than in BHJs that have higher fullerene loadings, where some
PCBM is “wasted”. Clearly, further structural studies are
needed to precisely understand the differences and similarities
between sequentially processed films and conventional BHJs.

4. CONCLUSIONS

With the TRMC technique, we have the ability to probe
carriers in sequentially deposited layers of P3HT and fullerene
where the P3HT/fullerene interface is created via either
solution deposition or thermal evaporation. We conclude the
following:

(I) Solution-deposited fullerene, namely, PCBM, always
mixes with P3HT, including P3HT with thickness
ranging from 75 nm up to 2.4 μm. This mixing is
responsible for an increased photoconductance signal
that resembles a BHJ sample.

(II) Removing part of the low-MW fraction of P3HT by
pretreating it with DCM, the solvent used to deposit the
fullerene overlayer, hinders but does not completely
inhibit fullerene diffusion into the P3HT underlayer, as
evidenced by the magnitude and decay dynamics of the
measured photoconductance.

(III) Thermal evaporation of a C60 overlayer on top of a
P3HT underlayer does not result in extensive fullerene
diffusion into the polymer. For excitation through the
polymer, the photoconductance signal was similar in
magnitude and shape to that of a neat-P3HT film,
provided that the thickness of the P3HT is larger than
the exciton diffusion length and that the sample had not
been subjected to thermal annealing.

(IV) In all cases, thermal annealing causes intermixing of the
polymer and fullerene components, for both solution-
deposited PCBM and evaporation-deposited C60.

Figure 8. Photoconductance at a fixed photon flux of 1 × 1012

photons/cm2/pulse for sequentially deposited samples with ∼34 nm
of PCBM on P3HT underlayers with different thicknesses: unannealed
(black circles) and annealed (red squares). For comparison, the
ΔGEOP/FA ranges for neat P3HT and P3HT:PCBM bulk hetero-
junctions with different PCBM loadings (1, 5, 20, and 50%) are also
shown. Samples were illuminated at 500 nm through the quartz
substrate.
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(V) The magnitude of the photoconductance of solution-
deposited P3HT/PCBM samples increased with the
decreasing ratio of the nominal P3HT-to-fullerene
thicknesses, consistent with the idea that mass action
can drive more fullerene into thinner underlayers. The
effective PCBM loading (by weight) in the intermixed
phase could be controlled between about 2 and 20%
depending on the P3HT underlayer thickness, consistent
with previous work.17

(VI) Analysis of the transient decays reveals that the charge
carrier generation yield and the dynamics of polymer/
fullerene samples resemble that of a BHJ, implying that
PCBM forms domains in the sequentially deposited
P3HT/PCBM samples from solution. However, the
sequentially deposited samples appear to have less total
fullerene content and different device behavior from
BHJs, suggesting that there are morphological subtleties
in the P3HT/PCBM samples that cannot be discerned
with the TRMC technique.

We note that the high sensitivity of TRMC to the carrier
generation at a BHJ-like interface throughout the volume of the
P3HT/PCBM films used here makes it unsuitable for the study
of carrier generation by long-range energy transfer mecha-
nisms32 that may also be taking place as a consequence of the
new morphological architecture. Therefore, the measurements
reported here cannot rule out that such mechanisms occur in
solution-processed P3HT/PCBM bilayers.
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