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Organic bulk-heterojunction solar cells based on blends of
regioregular poly-3-hexylthiophene (P3HT) and (6,6)-

phenyl-C61-butyric acid methyl ester (PCBM) are important
model systems for understanding processing/performance cor-
relations in organic photovoltaics. Both the surface composition
and molecular orientation of the top few nanometers of the
blended organic semiconductor film influence how materials
processing parameters affect device performance.1,2 For instance,
the orientation of the surface layer may affect the electronic
coupling between the top contact and the semiconductor active
layer. Similarly, progressive enrichment of one component along
the vertical axis of a device, or the presence of a surface wetting
layer of one component in a blend, could dramatically impact
charge injection/extraction and transport.

While the lateral morphology of polymer blends used in organic
electronics has been studied with a variety of techniques,3-5 only
recently has the vertical composition gained more experimental
attention.2,6-9 Vertical phase separation can be promoted by
modifying the substrate surface9-14 or by controlling the solvent
evaporation rate.8,10,15 The vertical composition gradient in the
model P3HT:PCBM system has received more limited research.
Using variable-angle spectroscopic ellipsometry, Campoy-Quiles

et al.6 reported vertical composition gradients of P3HT:PCBM
blends spin coated from chlorobenzene (CB). Blend films
on fused silica and poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate) (PEDOT:PSS) substrates generally showed a
decreasing PCBM concentration gradient toward the top surface
independent of post-treatments (thermal annealing, solvent an-
nealing). When a Si substrate was modified with a hydrophobic
self-assembled monolayer, the PCBM concentration gradient
could be reversed. The authors concluded that the vertical
composition gradient can be tuned by substrate and post-treat-
ment choice. Yamamoto et al. also reported a similar increase of
P3HT concentration toward the top surface for P3HT:PCBM
films spin coated from chloroform using time-of-flight secondary
ion mass spectroscopy (TOF-SIMS).16 On the other hand, using
electron diffraction on blends spin coated from 1,2-dichloroben-
zene (ODCB), van Bavel et al.17,18 reported a bottom interface
that was enriched with crystalline P3HT for blend films thinner
than 200 nm and suggested that the top surface might thus be
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ABSTRACT:We study the top surface composition of blends of
the conjugated polymer regioregular poly-3-hexylthiophene
(P3HT) with the fullerene (6,6)-phenyl-C61-butyric acid methyl
ester (PCBM), an important model system for organic photo-
voltaics (OPVs), using near-edge X-ray absorption fine structure
spectroscopy (NEXAFS). We compare the ratio of P3HT to
PCBM near the air/film interface that results from preparing
blend films on two sets of substrates: (1) poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
coated indium tin oxide (ITO) as is commonly used in conven-
tional OPV structures and (2) ZnO substrates that are either unmodified or modified with a C60-like self-assembled monolayer,
similar to those that have been recently reported in inverted OPV structures. We find that the top surface (the film/air interface) is
enriched in P3HT compared to the bulk, regardless of substrate or annealing conditions, indicating that changes in device
performance due to substrate modification treatments should be attributed to the buried substrate/film interface and the bulk of the
film rather than the exposed film/air interface.

KEYWORDS: NEXAFS, P3HT, PCBM, top surface composition, wetting layer, vertical composition, polymer solar cell, PCBM
density, vertical phase segregation
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enriched with PCBM. Potentially, these seemingly disparate
concentration gradients could be explained by the different
solvents used. P3HT:PCBM organic photovoltaic (OPV) devices
from ODCB have been compared to similar devices made from
CB by Kim et al.15 Interestingly, as-fabricated, unannealed devices
from ODCB showed more favorable current-voltage character-
istics (short-circuit current, fillfactor, and shape) than their
unannealed CB counterpart. Kim et al. explained this observation
with increased P3HT segregation toward the bottom PEDOT:PSS
layer for the ODCB devices. Furthermore, thermal annealing of
CBmade devices improved the device characteristics to be similar
to the as-cast ODCB made devices, suggesting that annealing
influences the vertical concentration of P3HT in devices pro-
cessed from CB.15

Our group has shown previously that modification of the
substrate surface energy by patterning fullerene terminated or
carboxylic acid terminated monolayers using dip-pen nanolitho-
graphy (DPN) and microcontact printing can guide lateral phase
separation of polymer:polymer and polymer:fullerene blends
with film thicknesses of up to 200 nm,12,14 with evidence that
changes in morphology persist up to the top surface. Using near-
edge X-ray absorption fine structure spectroscopy (NEXAFS),
Germack et al.13 reported enrichment of PCBM at the buried
interface of high-surface energy SiO2 and, conversely, P3HT
enrichment at the buried interface of samples made on low-
surface energy SiO2 modified with octyltrichlorosilane. They
explained this observation with the lower surface energy of P3HT
in comparison to PCBM. Similar results, also on Si substrates,
have been found by Guan et al.19 PCBM is the electron-
conducting material in P3HT:PCBM OPV devices. Enrichment
of PCBM at the electron-collecting electrode is, therefore,
beneficial for OPV device performance. While in classical OPV
devices the electron-collecting electrode is at the top interface, in
inverted OPV structures, it is found at the buried interface
between the substrate and active layer. Many groups have
recently pursued inverted device architectures. For instance,
Hau et al.20 reported inverted organic solar cells with improved
air stability and an electron-collecting electrode of ZnO nano-
particles. Later, they showed that an additional fullerene-based
self-assembled monolayer (C60-SAM) between the ZnO layer
and the active layer improved device performance of their devices
even further, perhaps by improving vertical film morphology.21

In that study, the authors found evidence that the C60 modifica-
tion to the ZnO preferentially nucleated fullerene on the bottom
substrate, but the effects on the composition of the upper surface
were not studied. On the basis of the studies described above, it
seems possible, even likely, that enrichment of one blend
component at one interface due to changes in surface chemistry
(or annealing) could lead to corresponding changes at the other
interface; however, this possibility has not been studied for
functionalized ZnO electrodes.

In this work, we use near-edge X-ray absorption fine structure
(NEXAFS) to probe the effects of various substrates and anneal-
ing on the top surface-layer composition of polymer blends of
regioregular poly-3-hexylthiophene (P3HT) with the fullerene
(6,6)-phenyl-C61-butyric acid methyl ester (PCBM) prepared on
three chemically distinct substrates that have been used exten-
sively in device applications. To establish a reference point, we use
indium tin oxide (ITO)/PEDOT:PSS substrates to study the
effect of thermal annealing on classic bulk-heterojunction (BHJ)
films prior to cathode deposition. Subsequently, we study the
surface composition of P3HT:PCBM blends spin coated onto

ITO/ZnO bottom contacts that have been prepared both with
and without a C60-SAM interfacial modifier, as have been used in
the inverted bulk-heterojunction devices described by Hau
et al.11,20,21

’EXPERIMENTAL METHODS

Sample Preparation. ITO coated glass substrates (Thin Film
Devices Inc., Anaheim, CA) were cut to 12 � 12 mm prior to cleaning.
After sonication in acetone and isopropanol (15min each), the substrates
were rinsed with IPA and dried under a nitrogen stream. To prepare
ITO/PEDOT:PSS substrates, ITO substrates were then air-plasma
cleaned (Harrick Plasma PDC-32G, 18 W applied, 5 min cleaning time)
and a PEDOT:PSS layer (H.C. Starck CLEVIOS P VPAl 4083, PEDOT:
PSS ratio of 1:6, filtered through 0.45 μm PVDF syringe filter, 80 μL,
500 rpm, 30 s; 1750 rpm, 1min; 5000 rpm, 2min) was spin coated within
60 s of plasma cleaning. To prepare ITO/ZnO substrates, the ITO was
cleaned in the same fashion, after which a ZnO nanoparticle solution was
spin coated as described by Hau et al.20,21

All spin coating of PEDOT:PSS and ZnO films was performed under
ambient conditions. The ITO/PEDOT:PSS substrates were annealed at
approximately 100 �C for 30 min under a constant nitrogen stream on a
hot plate.

The resulting ITO/PEDOT:PSS and ITO/ZnO substrates were
transferred into a dry-nitrogen glovebox (<0.1 ppm H20, <3 ppm O2)
for further processing. In order to obtain ITO/ZnO/C60-SAM sub-
strates, a C60-SAM solution followed by a pure tetrahydrofuran (THF)
solution were each spin coated (50 μL, 3000 rpm, 1 min each) onto the
ITO/ZnO samples to form the C60-SAM following protocols described
elsewhere.11,21

P3HT:PCBM blend (P3HT: average molecular weight 50 000 MW,
Sepiolid P100 from Rieke Metals Inc., Lincoln, NE; PCBM: nano-
cPCBM-BF from Nano-C Inc., Westwood, MA) solutions (60 mg/mL
in chlorobenzene, P3HT:PCBM weight ratios for ITO/PEDOT:PSS
and ITO/ZnO substrates are 1:0.95 and 1:0.6, respectively) were stirred
overnight at 45 �C. The blend solutions were then filtered (0.2 μm
PTFE syringe filter) and spin coated (80 μL, 3000 rpm, 1 min) onto the
substrates from a 45 �Cwarm solution. Sample annealing was performed
at 120 �C for 10 min (ITO/PEDOT:PSS/P3HT(1):PCBM(0.95)
samples) and 160 �C for 10 min (ITO/ZnO/(C60-SAM)/P3HT(1):
PCBM(0.6) samples) to match the protocols for fabrication of working
OPV devices made on these electrodes in our laboratories.21,22 Samples
of pure P3HT and PCBM were prepared similarly to the respective
blend samples from 30 mg/mL solutions in chlorobenzene. All active
layer processing was done in the dry glovebox with minimal light
exposure. Pure C60 samples were prepared by evaporating a C60 film
of approximately 50 nm on top of freshly cleaned ITO samples.
NEXAFS Measurements. C K-edge NEXAFS measurements of

our samples were performed on beamline 8-2 (bending magnet end-
station, holographic grating with 500 lines/mm used) at the Stanford
Synchrotron Radiation Laboratory (SSRL).23 A gold grid in the beam
path was used for the beam reference measurement. This gold reference
grid was freshly sputter-deposited before the measurement run began.
The samples were prepared at the University of Washington and
transported to SSRL sealed under a nitrogen atmosphere in the dark.
Samples were mounted on stainless steel plates with a Ta wire over the
samples0 top surfaces. During mounting and transferring into the
measurement chamber (Stoehr chamber), the samples were exposed
to ambient conditions for less than 30 min.

Auger electron yield (AEY) and total electron yield (TEY) measure-
ments over the range of 240-310 eV incident X-ray energy were
performed at 55� photon incidence angle (beamline degree of polariza-
tion is P = 0.85, corresponding to a magic angle of 51.4�). For AEY
measurements, the electron detector (cylindrical mirror analyzer, CMA)
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was set to accept electrons around 257 eV. The raw data was normalized
to a gold grid reference measurement24 taken concurrently and cor-
rected for the linear photoabsorption coefficient of gold.25 Each
spectrum’s energy scale was aligned using the first dip in the carbon
contamination features of the gold grid reference measurement. An
absolute energy scale calibration was performed using the C1sfπ* peak
of highly ordered pyrolytic graphite (HOPG) at 285.38 eV.26 A pre-edge
background was fitted to the pre-edge region up to 284 eV and
subtracted from all data. For AEY spectra, a pre-edge background of
the form a/E3 þ b was used. For TEY measurements, a constant
background plus an exponential decay constraint to reach at most exp(-
2) = 13.5% of its initial height (typically, 20% of the constant back-
ground) at 280 eV was used. In order to account for experimental
variations of the measured signal due to minor misalignments, the
average signal from 308 to 309.6 eV of the resulting AEY and TEY
spectra was normalized to a constant value. NEXAFS is a 1:1 atomic
spectroscopy technique which is sensitive to changes in the atomic
environment. This is why proper normalization treatment is important
for assigning quantitative compositions in terms of weight or volume
(see Supporting Information, SI 1).

Spectra for each individual polymer film were acquired across multi-
ple samples and at different locations on a given sample. A few clear
outliers potentially resulting from bad sample wiring were not included
in the data analysis. For PCBM, the shape of the reference spectrum was
also compared with pure C60 and degraded (i.e., intentionally oxidized)

PCBM to ensure clean, high-quality spectra (see Supporting Informa-
tion, SI 3).

Although no problematic beam damage was observed (see Support-
ing Information, SI 4), in order to minimize spectral changes due to
possible beam damage, a new spot on a given sample was used for each
individual spectral measurement.

In order to extract the blend composition for each sample type, the linear
superposition of average P3HT and PCBM spectra was fit numerically to the
average blend measurement. Figures 1 and 2 show the resulting fits with the
average spectra used for annealed and unannealed ITO/PEDOT:PSS samples
along with the residuals of these fits. Although the magic angle was chosen to
minimize angular effects, we cannot exclude that geometrical effects give a small
contribution to the residuals at lower energies thatmight slightly affect the absolute
values of the blend ratio.27 Nevertheless, these uncertainties are small enough that
they are unlikely to alter our primary conclusions.The component spectra in these
plots have been scaled according to the spectral fractions of their linear super-
position as determined by the fits. From these fractions, volume percentages were
calculated. Errors for the best-fit fractions were calculated on the basis of
investigation of the reduced chi-squared value χred

2 in the parameter space around
the best-fit values (see Supporting Information, SI 2).

’RESULTS AND DISCUSSION

In light of the differing literature reports on vertical composi-
tion gradients measured on P3HT:PCBM blend films via

Figure 1. Composition fits on ITO/PEDOT:PSS substrates. Fits and residuals of average P3HT and PCBM spectra (each composed of four individual
spectra on two samples) to average ITO/PEDOT:PSS/P3HT(1):PCBM(0.95) blend measurements (each composed of eight individual spectra taken
on four samples): (a) AEYmeasurements on unannealed samples, (b) TEYmeasurements on unannealed samples, (c) AEYmeasurements on annealed
samples, and (d) TEY measurements on annealed samples.
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ellipsometry,6 electron diffraction,17 and X-ray photoelectron
spectroscopy,28 as well as prior work in our lab showing that
patterned surface chemistry can induce changes in film morphol-
ogy through the entire vertical structure of the film,12,14 an
important goal of our study is to quantify the material composi-
tion of the top layer of device-relevant P3HT:PCBM films. As
discussed in the methods section and the Supporting Informa-
tion, we used the NEXAFS data to determine surface composi-
tion of the blends by fitting the blend spectra with linear
combinations of the pure P3HT and PCBM spectra, fitting to
the respective blend spectrum in the region 284-298 eV.
Experimentally, we observed excellent reproducibility of our
pure P3HT spectra, which are in good agreement with previous
reports.29-31 The PCBM spectra used in this study were also in
good agreement with each other and with the PCBM spectrum
recently reported by Germack et al.13

ITO/PEDOT:PSS Study. Figure 3a shows the AEY and TEY
spectra from blends of P3HT:PCBM (1:0.95 weight ratio) spin
coated onto ITO/PEDOT:PSS substrates both with and without
thermal annealing treatment. The AEY spectra overlap perfectly
within the measurement uncertainty and closely resemble the
AEY spectra of pure P3HT films, suggesting that the uppermost
film surface (∼1-2 nm) is almost entirely P3HT. On the other
hand, the TEY spectra both before and after annealing appear to
contain more contribution from PCBM (features around 284.5

and 286.0 eV) than the AEY spectra. Furthermore, unlike the
AEY spectra, the TEY spectra show a small but reproducible
evolution after annealing: the annealed samples exhibit a slightly
higher peak at 287.5 eV. This larger peak is at the same energy as
the σ*(C-S/C-H) transition30,32 and indicates slightly higher
P3HT content in the TEY spectra after annealing. For our AEY
spectra, the fit residuals are very small, of comparable magnitude
to the blend films0 standard deviations. Since the NEXAFS
bandshapes for polythiophenes are known to be very sensitive
to the local environment,33 this suggests that the local environ-
ment (i.e., π-stacking of P3HT) between blend and single
component films are nearly identical. The excellent agreement
between the AEY spectrum in the blend and the single-compo-
nent P3HT films is, thus, further evidence for the formation of a
complete P3HT wetting layer at the surface. We believe that the
spectral variations in the TEY spectra upon annealing are mainly
due to a change in blend composition because the fit residuals
around the σ*(C-S/C-H) transition as well as the differences
between annealed and unannealed P3HT spectra are within the
blend’s measurement uncertainties. However, the slightly worse
residuals in the TEY fits could also arise from a subtly different
molecular environment for some P3HT chains as well as
orientational changes of P3HT in the subsurface region where
PCBM is present. Furthermore, the minor fit overshoot around
284.5 eV in the region of the π*(CdC) transition of the PCBM’s

Figure 2. Composition fits on ITO/ZnO substrates. Fits and residuals of P3HT and PCBM spectra to average ITO/ZnO/(C60)/P3HT(1):
PCBM(0.6) blend measurements (four individual spectra on two samples for samples without C60-SAM and six spectra on three samples with C60-
SAM): (a,b) composition fits on samples without C60-SAM; (c,d) composition fits on samples with C60-SAM.
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fullerene cage could indicate slight changes of the fullerene cage
in the blend compared to single component PCBM.
When analyzed quantitatively, the AEY and TEY spectra

provide important complementary information about the differ-
ent vertical profiles of P3HT and PCBM at the film surface. The
AEY measurements are more surface sensitive than TEY mea-
surements. The mean free path of Auger electrons detected in an
AEY measurement governs its sampling depth which is on the
order of 1-2 nm for C Auger electrons.24 On the other hand, the
sampling depth of the TEY measurements is determined by the
electron escape depth, which is somewhat deeper. Classic con-
tinuum estimates of the TEY sensitivity depth are∼10 nm,24 but
recent work by Chua et al.34 suggests a much smaller depth of 2-
3 nm in P3HT films. The exact value of the TEY escape length
has only a minor influence on our composition results, altering
the distance over which the wetting layer evolves (but never
reaches) the bulk. For brevity in the subsequent discussion, we
adopt the value of 2-3 nm after Chua et al.34 With this
information and composition fits as shown in Figure 1a-d and
summarized in Table 1, we can form a more detailed picture
of the P3HT:PCBM blend surface region. Since the AEY data
show that the film composition is at most 4% PCBM in the top

∼1-2 nm, we conclude that P3HT forms a nearly complete
wetting layer on P3HT:PCBM blend films spin coated from
chlorobenzene with only a few PCBM clusters penetrating the
topmost surface region. This conclusion is in good agreement
with the results of Germack et al.35 obtained by NEXAFS and Xu
et al.28 obtained by XPS and could also be consistent with the
model obtained by Campoy-Quiles et al.6 through fits to
ellipsometry data. On the other hand, our results appear less
consistent with suggestions of a PCBM rich top surface reported
by van Bavel et al.17,18 and Kim et al.15 for devices made from
ODCB based on measurements made with ellipsometry and are
inconsistent with the ultrathin PCBM overlayer that was pro-
posed by Spadafora et al.36 on the basis of Kelvin probe imaging.
Going slightly deeper into the film, our TEY data show that

before annealing, the top ∼2-3 nm of the film contains a
significantly higher percentage of PCBM (16%) than the top-
most ∼1-2 nm probed by AEY. Nevertheless, this concentra-
tion is still well below the expected volume percentage of PCBM
(∼50% by volume, based on P3HT and PCBM densities
according to Supporting Information, SI 1) in the overall bulk
of the film. The observed depletion of PCBM in the top-layer of
our P3HT:PCBM samples in conjunction with the reproduci-
bility of this observation across different locations on multiple
samples seems to confirm that P3HT intrinsically prefers the
film-air interface due to a lower surface energy. Any surface-
directed phase separation would be further amplified by thermal
annealing, after which the PCBM concentration in the top∼2-
3 nm surface region decreases by a small but measurable amount
in all samples, going from 16% to 14%. Surface-directed spinodal
decomposition was previously reported for different polymer
systems9,37,38 and could provide one possible mechanism of self-
stratification. The top surface is where the electron-collecting
electrode is deposited in a classical BHJ OPV device architecture,
and since P3HT is the hole transport layer in these devices, high
P3HT content near the electron-collecting electrode could be
detrimental to device performance unless the contact metalliza-
tion step significantly penetrated the surface P3HT layer. The
observed phase separation of the high surface-energy phase away
from the top surface during solvent evaporation while spin
coating and also during thermal annealing could be used to
incorporate additional layers into a pre-existing filmmorphology,
thereby controlling vertical morphology. For example, improved
device performance compared to regular P3HT:PCBM BHJ
OPV devices has been shown for P3HT:PCBM devices with
an additional PCBM layer on top by Kumar et al.39 and de Villers
et al.40 or an additional P3HT layer at the substrate interface by
Liang et al.41 Likewise, increased performance compared to
regular P3HT:PCBM devices was reported by Wang et al.42

for P3HT-rich bottom/PCBM-rich top bilayer devices with an
observed concentration gradient between both layers.
ITO/ZnO Study.While the P3HT:PCBM samples spin coated

onto ITO/PEDOT:PSS substrates provide useful information
about vertical stratification and the effects of annealing on model
device structures, an important goal of this study is to examine
the effects of buried substrate chemistry on the top film surface
composition. In other words, can the bottom substrate effects
penetrate all the way to the top surface in these films? Figure 3b
shows both AEY and TEY NEXAFS spectra taken on annealed
P3HT:PCBM (1:0.6 weight ratio) blends spin coated onto
substrates identical to those that have been used to fabricate
previously reported inverted OPV devices:11,21 specifically ZnO
films deposited from colloidal ZnO suspensions and either

Figure 3. Blend measurements on ITO/PEDOT:PSS and ITO/ZnO
samples. AEY and TEY blend averages of (a) ITO/PEDOT:PSS/
P3HT(1):PCBM(0.95) (each average is composed of eight individual
spectra taken on four samples) and (b) ITO/ZnO/(C60-SAM)/P3HT-
(1):PCBM(0.6) (four individual spectra on two samples without C60-
SAM, five individual spectra on three samples with C60-SAM); with or
without the additional C60-SAM, the spectra overlap within
measurement error.
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functionalized with a C60-SAM layer or left as bare ZnO. The
spectra of the two systems with and without the C60-SAM
underneath the film are identical. These identical spectra are
observed for AEY as well as TEY measurements. We thus
conclude that the presence of the C60-SAM on the bottom
electrode does not have a significant influence on the top surface
composition: for the films studied here, the P3HT top-surface
wetting layer is always present, and the PCBM concentration
near the film-air interface is not measurably affected by the
presence of the buried C60-SAM.
The quantitative values of PCBM concentration near the top

surface in the blends on the ZnO samples also provide new data
about vertical morphology on these substrates. As summarized in
Table 1 (composition fits in Supporting Information, SI2), the
AEY PCBM concentration in the top∼1-2 nm is approximately
4%, again consistent with the presence of a P3HTwetting layer at
the film/air interface. The PCBM concentration measured using
TEY is around 11-12% (similar within uncertainty) or about
one-quarter of the expected bulk volume percentage (∼40%
PCBM by volume in stock solution). The amount of PCBM seen
in the TEY measurements on the ZnO samples deposited from
1:0.6 P3HT:PCBM blends is lower than the PCBM concentra-
tion seen in the TEY measurements on samples deposited from
1:0.95 P3HT:PCBMblends on ITO/PEDOT:PSS. In relation to
the stock solution concentrations, however, the observed PCBM
concentrations are approximately one-quarter of the expected
bulk concentrations in both our ZnO and ITO/PEDOT:PSS
samples (∼40% and ∼50% PCBM by volume, respectively).
This result indicates that the concentration of PCBM in the top
∼2-3 nm is weakly influenced by the ratio of P3HT:PCBM in
the stock solution and that the sample is just beginning to
approach the “bulk” solution composition over the sample depth
of the TEY (∼2-3 nm) measurement.

’CONCLUSIONS

In conclusion, we have used NEXAFS AEY measurements to
show that the top surface layer (∼1-2 nm) of P3HT:PCBM
blend films on substrates of both ITO/PEDOT:PSS and ITO/
ZnO (with or without a C60-SAM) consists almost exclusively of
P3HT. The existence of this molecular wetting layer is further
supported by the fact that the TEY measurements which should
probe the top 2-3 nm in P3HT34 still showed lower PCBM
concentrations than expected for the bulk, evidencing that the
TEY measurement did not reach the bulk. However, the PCBM
volume fraction measured in the top ∼3 nm as deduced from
TEY is still weakly influenced by the ratio of P3HT:PCBM in the
stock solution, suggesting that the film begins returning to amore
bulklike composition over this distance. We also found that
annealing blend films at 120 �C for 10min on ITO/PEDOT:PSS
substrates slightly lowers the PCBM concentration in the
immediate subsurface (∼2-3 nm) region by approximately
20% (relative), which we attribute to improved coverage of the

P3HT surface wetting layer. On ITO/ZnO substrates, we
observed no change in the fractional top surface composition
of the P3HT(1):PCBM(0.6) blends whether a C60-SAM was
present tomodify the bottomZnO/polymer interface or not. For
the approximately 150 nm thick, devicelike films studied here, the
total fraction of PCBM in the top ∼2-3 nm of the film appears
fairly insensitive to the buried surface chemistry.

The reported values are for the free surface; the effects of
thermal annealing on the vertical structure in a completed BHJ-
OPV device are likely dependent on the metal surface layer used.
A number of studies have now reported seemingly conflicting
results for the top surface composition of P3HT:PCBM blend
films.13,16-19,28,35,40,43-46 While materials and preparation con-
ditions may explain some of the reported variation in top surface
composition, our results are consistent with P3HTwetting layers
being present at the top surface of films on a range of different
substrates, under a range of annealing conditions. We note that,
including this experiment, most reports of which we are currently
aware13,19,28,35,45-47 using direct spectroscopic measurements
(NEXAFS and XPS) sensitive to thin surface layers have found a
P3HT-rich surface. Given the indirect nature of inferring vertical
composition involved with some other methods, we thus con-
clude that a thin P3HT surface layer is likely a general feature of
P3HT:PCBM blends due to the lower surface energy of
P3HT.13,19

If this surface layer is indeed driven by the interfacial energies
of P3HT:PCBM, then this material system would naturally favor
vertical phase separation (at least at that top surface) that is more
favorable to inverted diode structures. Likewise, intentional
control of the relative surface energies of the donor and acceptor
phases used in OPVs via chemical derivatization or inclusion of
surface wetting agents could be used to achieve better electron/
hole blocking layers in devices.

’ASSOCIATED CONTENT

bS Supporting Information. Detailed information about
the data normalization (including a calculation of the density
of PCBM), the fit model, and the error estimation as well as a
comparison of PCBM to C60 spectra and beam damage evalua-
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http://pubs.acs.org.
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Table 1. Blend Composition Fit Results

substrate AEY P3HT:PCBM AEY PCBM fractiona TEY P3HT:PCBM TEY PCBM fractiona

ITO/PEDOT:PSS unannealed 96:4% 4.1 ( 3.3 (2.4)% 84:16% 16.3 ( 1.5 (1.1)%

ITO/PEDOT:PSS annealed 96:4% 3.9 ( 3.1 (2.2)% 86:14% 13.6 ( 1.2 (0.9)%

ZnO annealed 96:4% 3.8 ( 2.7 (2.0)% 88:12% 11.9 ( 0.7 (0.5)%

ZnO/C60-SAM annealed 96:4% 3.8 ( 1.8 (1.3)% 89:11% 11.4 ( 1.6 (1.1)%
a Errors are for 90% (68%) confidence interval as described in Supporting Information, SI2.
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