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’ INTRODUCTION

Conjugated polymers are promising materials for low-cost
solar cells as they can be solution-processed, thereby allowing
coating and printing approaches to fabrication.1,2 However, the
power conversion efficiency of many conjugated polymer-based
solar cells is relatively modest due to unoptimized optoelectronic
properties.1,3

Regioregular poly(3-hexylthiophene) (RR-P3HT) blended with
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) has been
intensely studied as the photoactive layer of a solar cell because it
can reach a high power conversion efficiency of 4�5%.4,5 Thermal
or solvent annealing of the blend film is generally required to
increase the efficiency further above 1�2%.6�8 The dramatic
increase of efficiency is mainly assigned to increased crystallization
of RR-P3HT leading to improved hole mobility,5,9 charge percola-
tion pathways8 and optical absorption.5,9

The blend film morphology of the components is crucial for
charge separation/recombination and charge extraction.10�12

Recently, by using variable-angle spectroscopic ellipsometry,
Campoy-Quiles et al. showed that an unfavorable vertical phase
separation can occur in blend films under certain circumstances
leading to a significant fraction of RR-P3HT molecules (hole
transporting material) at the film�air interface (where electron
collecting electrode is subsequently deposited) and PCBM at the
film�substrate interface.6 This deduction is supported by X-ray
photoelectron spectroscopy (XPS),13 near-edge X-ray absorption
fine structure14 and neutron reflectivity measurements.15,16 Such
vertical phase separation have been also reported for other conjugated
polymer: fullerene films.17 On the other hand, cross-sectional trans-
mission electron microscopy (TEM) images show column-like
vertical structures with continuous pathways for RR-P3HT and

PCBM respectively.18 Electron tomography shows that after
thermal annealing of RR-P3HT:PCBM blend film, there are
favorable concentration of gradients of both RR-P3HT and
PCBM through the thickness of the photoactive layer.19

The effects of the P3HT crystallization on its frontier electro-
nic energy levels and the thin film morphology of P3HT:PCBM
film near the surface remain, however, to be elucidated. The
energies of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are important for
open circuit voltage (Voc) and charge transfer between electron
donor and electron acceptor. It has been argued that Voc varies in
proportion to the energy difference between the HOMO level of
the donor and the LUMO level of the acceptor.20

In this paper, it is our motivation to study how the crystal-
lization of P3HT affects its HOMO level and particularly the
nature of thin film morphology nears the film�air interface,
when blended with PCBM. We used a regiorandom poly(3-
hexylthiophene) (RRa-P3HT), which is amorphous, as a refer-
ence material and compared it with a RR-P3HT which is
semicrystalline. We also study blends of these polymers with
PCBM before and after thermal annealing. Chlorobenzene was
used as the solvent for the film preparation. Here, we used
ultraviolet photoelectron spectroscopy (UPS) to study the solid-
state HOMO energy levels of the films and angle-resolved X-ray
photoelectron spectroscopy (AR-XPS) to study the thin film
morphology near the film�air interface. Both UPS and XPS are
highly surface sensitive techniques as the detected signal is
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ABSTRACT: We study thin films of semi-crystalline regiore-
gular poly(3-hexylthiophene) (RR-P3HT) and amorphous
regiorandom P3HT (RRa-P3HT) in blends with [6,6]-phenyl
C61 butyric acid methyl ester (PCBM). Ultraviolet and (angle-
resolved) X-ray photoelectron spectroscopy techniques to-
gether with absorption, photoluminescence and optical micro-
scopy were used to measure electronic energy levels, vertical
chemical compositions and optical properties of these films. We
find that ordering the P3HT chains raises the highest occupied
molecular orbital (HOMO) energy level of P3HT thin films (reducing ionization potential) and that the ordering of P3HT chains
occurs preferentially at the film�air interface in RR-P3HT:PCBM thin films. This leads to a vertical phase separation between
P3HT and PCBM molecules, which may be undesirable for conventional P3HT:PCBM solar cells.
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related to the mean free path of the photoelectron which is
typically a few nanometers. UPS has been found to be very useful
in determining the energy level alignment at organic interfaces.21

Importantly, since different elements have characteristic sets of
binding energies, XPS can be used to identify and determine the
ratio of the elements present on the surface of a sample.22

Besides, AR-XPS allows quantification of surface components
as a function of film depth in the range of a few nanometers.

We also used optical absorption and photoluminescence (PL)
spectroscopy, plus optical and PL microscopy, in order to better
interpret the measured electronic energy levels and to build up
energy and morphological models for the blend thin films with
the UPS and XPS results. We show that ordering raises the
HOMO level of P3HT (reducing its ionization potential) and
that surface crystallization of RR-P3HT can occur under specific
circumstances in RR-P3HT:PCBM blend films.

’EXPERIMENTAL SECTION

FilmPreparation.RegiorandomP3HT(RRa-P3HT) (regioregularity=
1:1 (head-to-head):(head-to-tail) linkages of regioisomers) was pur-
chased from Aldrich. The weight-average molecular weight is ∼87 kg/
mol. Regioregular P3HT (RR-P3HT) was supplied byMerck Chemicals.
The weight (Mw)- and number (Mn)-average molecular weights, poly-
dispersity index and regioregularity are 54.2 kg/mol, 23.6 kg/mol, 2.29,
and 94.2%, respectively. PCBM was purchased from API Service, Inc.
All the materials were used as received. RRa-P3HT (RR-P3HT) solution
was prepared by dissolving 12.5 mg of RRa-P3HT (RR-P3HT) in 1 mL
of chlorobenzene and PCBM solution was prepared by dissolving 25 mg
PCBM in 1 mL of chlorobenzene. The RRa-P3HT:PCBM solution was
prepared by dissolving ∼8.3 mg of RRa-P3HT with ∼8.3 mg of PCBM
in 1 mL of chlorobenzene solution. The RR-P3HT:PCBM solution
was prepared by dissolving 10 mg of RR-P3HT with 10 mg of PCBM
in 1 mL of chlorobenzene solution. For absorption measurements, films
of∼50 nm thickness (as measured by an Alpha-step 200 automatic step
profiler (Tencor Instruments)) were prepared by spin-coating solutions
on glass substrates at 1500 rpm for 60 s. For other measurements, films of
similar thickness were spin-coated (under comparable conditions) on top
of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:
PSS) films, themselves spin-coated on indium tin oxide (ITO) coated
glass substrates to mimic the actual device configuration. For annealed
films, the annealing condition is 140 �C for 30 min inside a nitrogen
glovebox.

Optical Absorption and PL Measurements. Absorption spec-
tra were recorded using a UV�vis spectrophotometer (UV-2550,
Shimadzu). The PL spectra were obtained using a spectrofluorimeter
(Fluorolog, Jobin Yvon Horiba) with excitation at 480 nm in air.
Optical Microscopy and PL Mapping. Optical images were

taken with an optical microscope (Leica) with a 50x objective. PL mapping
images were recorded under 633 nm excitation (50� objective) with a
Renishaw inVia Raman microscope in a back scattering configuration.
The excitation power is∼1mW for RRa-P3HT:PCBM film and∼0.5mW
for RR-P3HT:PCBM film. The PL images were obtained by mapping the
intensity at 2100 cm�1 (corresponding to ∼730 nm).
UPS and AR-XPS Measurements. Ultraviolet and (angle-

resolved) X-ray photoelectron spectroscopy measurements were per-
formed with an Axis Ultra DLD system (Kratos Analytical Ltd.). For
UPS measurements a He I lamp (energy ∼21.22 eV) was used as the
excitation source. The detection area was a spot of∼110 μmdiameter. A
bias of�18.49 V was applied to the sample, increasing the kinetic energy
of the emitted photoelectrons to shift the observed spectrum away from
0 eV in order to observe features at low electron kinetic energy. From the
onset of the secondary electron energy cutoff, Eco, we can calculate the
work function, φ = hν � (Eco � EF) where hν is the excitation photon
energy and EF is the Fermi level. From the position of the low binding
energy photoemission onset, ELBE (the position where the two dashed
lines intersect each other in (Figure 4a), the HOMO energy (EHOMO)
can be calculated with EHOMO = �(φ þ ELBE) with respect to the
vacuum level. We performed several measurements (also for XPS and
AR-XPS) on different regions of each film and confirmed that the results
are similar. For XPS measurements, the base pressure in the analysis
chamber of the system was 2 � 10�9 Torr. A monochromatic Al KR
(1486.6 eV) X-ray source operated at 15 kV and 10 mA emission was
used for excitation. Survey scan spectra were collected over a binding
energy range 1400 to �10 eV with 1 eV steps and a pass energy of 160
eV. A step size of 0.1 eV, pass energy 40 eV and appropriate energy
ranges were chosen for high resolution narrow scans of selected
elements. The detection area was ∼700 μm � 300 μm. CasaXPS was
used to quantify the spectra (survey scans) for the detectable elements.
The integrated areas of the XPS peaks were calculated after correcting
for the intensity calibration using the manufacturer’s values determined
for the instrument and subtracting linear backgrounds. Atomic ratios, Ci,
were evaluated using the following equation:

Ci ¼ Ii=Si

∑
i
Ii=Si

ð1Þ

Figure 1. Molecular structure of RRa-P3HT, RR-P3HT, and PCBM. The structure of RRa-P3HT is shown as an example of region-random structure
of P3HT.
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where I is the peak area and S is the atomic sensitivity factor in the CasaXPS
software. The S 2p3/2 and S 2p1/2 peaks are not resolved in the survey scans
so the S 2p signal appears as a single peak. This is because the difference in
binding energy of the two S 2p peaks is 1 eV, which is the same as the step
size and less than the resolution of the spectrometer when operated at the
settings used for the survey scans. Therefore, the calculated atomic ratio of S
2p includes both the S 2p3/2 and S 2p1/2 signals. The volume% of P3HT in
the blend film is estimated by dividing the atomic ratio of P3HT in the blend
film by the atomic ratio of pure P3HT film.

’RESULTS AND DISCUSSION

Absorption and Photoluminescence. We first study the
effects of ordering (crystallization) of P3HT polymers on the

absorption and emission properties in thin films fabricated by on
its own (homomaterials) and by blending with PCBM, and with
additional thermal annealing (140 �C for 30 min inside a nitro-
gen glovebox). The chemical structures of regiorandom P3HT
(RRa-P3HT), regioregular P3HT (RR-P3HT) and PCBM mol-
ecules are shown in Figure 1. X-ray diffraction measurement23

has confirmed that RRa-P3HT film is amorphous and RR-P3HT
film is semicrystalline.
The absorption spectra of∼50 nm thick films of homomater-

ials (RRa-P3HT, RR-P3HT, and PCBM) and their blends (RRa-
P3HT:PCBM and RR-P3HT:PCBM) are shown in Figure 2a. The
absorption spectrum of RR-P3HT film is significantly red-shifted
compared to that of RRa-P3HT film, with a clearly distinguishable

Figure 2. (a) Absorption spectra of RRa-P3HT, RR-P3HT, PCBM films and their blend films with PCBM. (b) Absorption spectra of RRa-P3HT, RR-
P3HT films, RRa-P3HT (0.001 wt %), and RR-P3HT (0.001 wt %) in chlorobenzene solutions. Note that highly diluted solutions were used to ensure
no aggregation of RR-P3HT molecules. (c) Absorption spectra of RRa-P3HT:PCBM and RR-P3HT:PCBM films before and after annealing. (d)
Normalized absorption spectra of RR-P3HT and RR-P3HT:PCBM films before and after annealing. (e) PL spectra of RRa-P3HT, RR-P3HT films, and
their blend films with PCBM (excited at 480 nm). The spectra of RRa-P3HT:PCBM and RR-P3HT:PCBM films are multiplied by a factor of 4 to make
themmore visible. Note that RR-P3HT films show the vibronic features at 670 and 720 nm. (f) PL spectra of RRa-P3HT:PCBM and RR-P3HT:PCBM
films before and after annealing (excited at 480 nm).
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shoulder located at ∼600 nm (a spectral characteristics of
crystalline P3HT).24 The absorption coefficient (R) at the main
peak of RR-P3HT film is larger than that of RRa-P3HT film (6.60
� 104 cm�1 at 550 nm vs 5.23 � 104 cm�1 at 440 nm respec-
tively) indicating more densely packed P3HT polymer chains in
crystalline phase. Using the absorption edge, we estimate the
optical band gap (Eg) of these polymers in thin films,∼1.9 eV for
RR-P3HT and ∼2.2 eV for RRa-P3HT, showing that ordering
(crystallization) of P3HT polymer chains decreases its optical
band gap. Such a decrease in the optical band gap of P3HT due to
the ordering of polymer chains is more obvious when we
compare solutions to solid-state thin films (Figure 2b).
Upon the formation of solid state thin film, the semicrystalline

RR-P3HT shows a dramatic red-shift in its main absorption peak
(from 460 to 550 nm), but the amorphous RRa-P3HT shows
only a little broadening of the absorption peak to longer
wavelengths without significant shift of the main absorption peak
(from 430 to 440 nm). Additional thermal annealing of these
homomaterials in thin films does not induce any further ordering
of the P3HT polymer chains, therefore no further changes were
observed in the absorption spectra in terms of shape and intensity
(data not shown).
On the other hands, by blending P3HT polymers with PCBM

molecules, there is no measurable peak shift in the absorption
spectrum for RRa-P3HT, but a significant blue-shift in the main
absorption peak (from 550 to 490 nm) for RR-P3HT with much
less absorption at∼600 nm (I600 nm/I490 nm = 0.94 for RR-P3HT
and 0.43 for RR-P3HT:PCBM blend, Figure 2, parts c and d).
Upon annealing of this RR-P3HT:PCBM blend film, however,
these changes are mostly recovered (i.e., a red-shift of the main
absorption peak and an increase in the I600 nm/I490 nm ratio to
0.82). These results indicate a disrupted ordering of P3HT
polymer chains by addition of PCBM molecules in spin-coated
RR-P3HT:PCBM blend thin films and a remarkable recovery of
P3HT to its ordered phase due to annealing. There is no
significant spectral changes in the absorption upon annealing
RRa-P3HT:PCBM films.
The photoluminescence (PL) spectra of thin films of homo-

materials (RRa-P3HT, RR-P3HT and PCBM) and their blends
(RRa-P3HT:PCBM and RR-P3HT:PCBM) are shown in
Figure 2e. The RRa-P3HT film has a broad PL spectrum peaking
at 630 nm; on the other hand, the RR-P3HT film has a
significantly red-shifted PL spectrum with distinguishable vibro-
nic features peaking at 670 and 720 nm. More importantly, the
PL intensity of RRa-P3HT film is 3.6 times stronger than that of
RR-P3HT film. These observations are consistent with the
characteristics of emission from different phases (amorphous
vs crystalline) of P3HT molecules (i.e., red-shifted and less
emissive PL from more ordered phase of the molecules).24 By
blending P3HT polymers with PCBM molecules, PL intensity is
quenched; 24 times for RRa-P3HT:PCBM blend and 7.2 time
for RR-P3HT:PCBM blend, respectively. Much more significant
quenching of PL intensity in the RRa-P3HT:PCBM blend film
can be attributed to much finer mixing of amorphous phase RRa-
P3HT polymer chains with the PCBM molecules.23 Compared
to RRa-P3HT, the ordered phase of RR-P3HT chains seems to
prevent PCBM molecules from being intimately mixed with the
polymer chains, leading to less efficient interaction between
them, so less quenching of P3HT emission. Different degrees
of PL quenching in P3HT:PCBM blends observed here are
consistent with reported values (50 times more quenching of
RRa-P3HT emission in blend).23

After annealing these blend films, there is an increase in the PL
intensity; ∼60% for RRa-P3HT:PCBM blend and ∼200% for
RR-P3HT:PCBM blend (Figure 2f). It is interesting to notice
that for RRa-P3HT:PCBM blend, this increase in PL intensity is
not correlated with the ground state absorption (no changes in
absorption due to annealing), suggesting the origin of this
increase in PL intensity to be mainly morphological. The PCBM
molecules are diffused away from RRa-P3HT polymer chains
during annealing, so that the interaction between RRa-P3HT
polymer chains and PCBM molecules is reduced, leading to a
recovery of emission from RRa-P3HT. The more substantial
increase in PL intensity in RR-P3HT:PCBM blend after annealing
might indicatemuch higher degree of phase separation betweenRR-
P3HT polymer chains and PCBM molecules, which allows the
formation of noticeably large PCBM aggregates (a fewmicrometers
in size, Figure 3b).
Optical andPL Images.We study the thin filmmorphology of

these two blend systems using optical microscopy and Raman
spectroscopy. The optical images (a, b) and the PL images (c, d)
of RRa-P3HT:PCBM and RR-P3HT:PCBM blend films after
annealing are shown in Figure 3. The PL images reflect the local
fluoresence intensity monitored at 730 nm (a peak of PCBM
emission),25 extracted from fluorescence background in the
Raman spectra cross-mapped in the blend films with a micro-
meter spatial resolution under 633 nm excitation (See the
Experimental section for more details).
There is a very homogeneous surface without any measurable

features such as PCBM aggregates in the optical (Figure 3a) and
PL (Figure 3c) images for the annealed RRa-P3HT:PCBM film.
Contrary to this, the annealed RR-P3HT:PCBM film shows
micrometer-sized domains in its optical image (Figure 3b).
Atomic force microscope surface profiles reveal that these
domains protrude ∼400 nm from the surrounding homoge-
neous areas. The PL image clearly shows relatively low, but
homogeneous (∼1.1 times difference) fluorescence intensity
across the annealed RRa-P3HT:PCBM film (Figure 3c) and
very strong and highly fluorescent intensity mainly from the
protruded domains in the annealed RR-P3HT:PCBM film
(Figure 3d). The PL spectra obtained from the homogeneous
region and the protruded domains in the annealed RR-P3HT:
PCBM film are compared (Figure 3e), which show ∼70 times
stronger fluorescence signals from the protruded domains. This

Figure 3. Optical images (a and b) and PL mapping images (c and d)
for annealed RRa-P3HT:PCBM and RR-P3HT:PCBM films. PL images
indicate emission intensities at 730 nm. (e) Emission spectra obtained in
the homogeneous polymer-rich region and PCBM aggregate region of
annealed RR-P3HT:PCBM film.
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data confirms that these protruded domains are PCBM-rich. Similar
observation of fluorescence from PCBM aggregate in annealed RR-
P3HT:PCBM film in Raman system has been reported.25

The total coverage of PCBM aggregates appears to be
relatively small (only∼0.05% coverage of the total surface area)
in this annealed RR-P3HT:PCBM blend film (∼50 nm thick).
Although the peak height of the domains is∼400 nm, it is still not
sufficient to explain the significant increase in PL efficiency
(∼200%) measured after annealing, which is attributed to the
phase separation between RR-P3HT polymer chains and PCBM
molecules. Therefore, we consider that the PCBM aggregates are
not only formed in the surface of thefilm, but also formed in the bulk
of the film. We further notice that the PCBM aggregates in terms of
amounts and sizes formed after annealing tend to depend strongly
on the blend film thickness; i.e., the thicker the blend film is, the
more and larger the PCBM aggregates are formed (for 50 nm
(250 nm) film, area coverage ∼0.05% (14.6%); size of PCBM
aggregates can be ∼3.6 μm � 1.5 μm (∼20 μm � 4.2 μm).
UPS Measurements. We study the effects of ordering

(crystallization) of P3HT polymers on the highest occupied
molecular orbital (HOMO) energy levels in the thin films of
homomaterials and blends with/without thermal annealing.
Figure 4a shows UPS spectra measured in the thin films of homo-
materials (RRa-P3HT, RR-P3HT, and PCBM) and their blends
(RRa-P3HT:PCBM and RR-P3HT:PCBM) before annealing. The
HOMO energy levels of these films are estimated from their
measured UPS spectra by taking into account the Fermi-level as a
binding energy reference. Note that the very low coverage (∼0.05%)

of PCBM aggregates at the film surface (or the film�air inter-
face) in our 50-nm-thick annealed RR-P3HT:PCBM films facil-
itates the UPS signals measured within∼2�3 nm in depth (and
also XPS in the next section) to be measured mainly in the
homogeneous regions of these films, therefore not to be com-
plicated by the roughness effect on these measurements. The
HOMO energy levels (by UPS) and the chemical compositions
(by XPS) reported in this paper are the average values based on
the measurements in three different regions in each sample.
The energies of the HOMO levels of RRa-P3HT, RR-P3HT

and PCBM films obtained from UPS spectra are�4.9,�4.6, and
�5.8 eV respectively (within the experimental error of(0.1 eV),
showing that the HOMO level of RR-P3HT is ∼0.3 eV higher
lying than that of RRa-P3HT. We attribute this 0.3 eV reduction
in the HOMO level of the P3HT film to the better ordering of
polymer chains in regioregular P3HT (in which P3HT chains form
a crystalline phase), compared to regiorandom P3HT (in which
P3HT chains form an amorphous phase). By bringing polymer
chains closer together (by π�π stacking as for the case of RR-
P3HT), the HOMO energy level of the polymer can be raised,26

fromwhich a relatively easier extraction of electrons can be expected.
Such a regioregularity induced shift in the HOMO level (about
hundreds of meV) of polythiophenes has been also measured in
poly(3-alkylthiophenes) materials by cyclic voltammetry.27 We
consider, however, that the difference in polymer chain length
between RR- and RRa-P3HThas little effect on this HOMO level
shift as the average chain length of these two polymers (616 and
989 thiophene units for RR-P3HT and RRa-P3HT, respectively,
estimated from their Mw values) are well above the effective
conjugation length of polythiophene (∼10 thiophene units).28

We note that the HOMO energy levels of RR-P3HT and PCBM
films obtained fromourUPS spectra are in good agreementwith the
previously reported values of�4.6 and�5.96 eV, respectively.29�31

After annealing these thin films of homomaterials, we mea-
sured similar HOMO energy levels for RRa-P3HT, RR-P3HT and
PCBM films (not shown). This implies, in particular for RR-P3HT
film, that the ordering of P3HT polymer chains occurs mainly
during spin-coating process, already forming a semicrystalline phase
of P3HT molecules in the spin-coated film, and there is no further
significant ordering upon annealing of this film.
For the blend thin films, when RRa-P3HT was blended with

PCBM, the shape of the UPS spectrum of the blend becomes
the superposition of each of RRa-P3HT and PCBM films
(Figure 4a), indicating that there is a considerable amount of
PCBM within the measured topmost surface layer (∼2�3 nm),
as most of the detected signals in UPS measurement comes from
this thin layer. The RRa-P3HT HOMO level in the blend film is
∼0.08 eV lower lying than that of pure RRa-P3HT film, which is
within the experimental error of(0.1 eV. On the other hand, for
the RR-P3HT:PCBM blend film, the shape of the UPS spectrum
is very similar to that of pure RR-P3HT film without any obvious
contribution from PCBM, suggesting that the topmost layer in
this blend film contains mainly RR-P3HT.
The UPS spectra of the blend films before and after annealing

are shown in Figure 4b. After annealing the RRa-P3HT:PCBM
blend film, we notice that the UPS signal from PCBM is slightly
reduced, implying that some PCBM molecules may diffuse away
from this topmost layer. For the RR-P3HT:PCBM blend film,
there are no measurable changes in the UPS spectra before and
after annealing. Based on our observations that the ordering
of RR-P3HT molecules raises the HOMO energy level upward
and that the HOMO energy level of RR-P3HT in the blend films

Figure 4. (a) UPS spectra of RRa-P3HT, RR-P3HT, PCBM films and
their blend films. Intersection between the two dash lines in the figure is
defined as the position of the low binding energy photoemission onset.
The arrow indicates the PCBM component. (b) UPS spectra of RRa-
P3HT:PCBM and RR-P3HT:PCBM films before and after annealing.
The arrow indicates the PCBM component. The Fermi energy (EF) is
determined from the UPS spectrum of a clean silver sample.
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(for both pristine and annealed) is similar to that of pure RR-
P3HT films (for both pristine and annealed), we suggest that the
RR-P3HT polymer chains at the topmost layer of all these films
have a similar degree of molecular order (crystallization).
Contrary to the UPS measurements, much less ordering of

RR-P3HTmolecules in the pristine RR-P3HT:PCBM blend film
is measured compared to the pure RR-P3HT film and the
annealed blend film by the absorption spectroscopy, as indicated by
the relatively weak absorption shoulder at 600 nm in Figure 2d. Since
the absorption spectroscopy probes the order of P3HT molecules
through the whole bulk of the film (∼50 nm thick), differently from
the UPS measurement which is sensitive only to the topmost layer
(∼2�3 nm thick) of the film, we suggest different degrees of order of
P3HT molecules occur even within a film; i.e., for the pristine RR-
P3HT:PCBM blend film, the RR-P3HT molecules are relatively
more ordered (crystallized) at the topmost layer of the film than in
the bulk. We consider this observation as a “surface enhanced
crystallization” of RR-P3HT in this pristine RR-P3HT:PCBM blend
thin film. Such an enhanced crystallization of RR-P3HTmolecules at
the topmost surface may be responsible for the RR-P3HT-rich top
layer generally observed in the RR-P3HT:PCBM blend films pre-
pared on PEDOT:PSS coated substrates.6,13,15 We note that such
surface crystallization has been observed for other polymers.32 We
investigate further this RR-P3HT crystallization at the top surface of
the blend films using AR-XPS in the next section.
XPS Measurements. Figure 5 shows the S 2p core-level XPS

spectra at a takeoff angle of 90� for the RRa-P3HT:PCBM and
RR-P3HT:PCBM blend films before and after annealing. The
takeoff angle of the photoelectron represents the angle between
the sample surface and the detector, such that at 90�, the photo-
emission signal will mostly be collected from the top surface of
∼7.5 nm in depth (photoelectron escape depth ∼2.5 nm for S

2p) (Figure 5a).33 The S 2p signal arises solely from the P3HT
and is a distinct marker for that polymer. The S 2p signal is split
by spin�orbit coupling into S 2p3/2 and S 2p1/2 components in a
1:1.7�1.8 ratio separated by 1.1�1.2 eV. For both pristine and
annealed blend films, the observed binding energy of S 2p3/2
peak of the RR-P3HT:PCBM blend films (164.0 eV) are
∼0.1�0.2 eV smaller than that of the RRa-P3HT:PCBM blend
films (164.1�164.2 eV). There is stronger S 2p signal from the
RR-P3HT:PCBM blend films than from the RRa-P3HT:PCBM
blend films suggesting that in their respective blend films, there
are more RR-P3HT polymers on the film surface than RRa-
P3HT. After annealing, the S 2p signals for both blend films
increase reflecting the larger amount of both RR-P3HT and RRa-
P3HT polymers on the surface of the blend films.
The atomic ratios of the carbon, oxygen and sulfur atoms near

the surface of the pristine and annealed RRa-P3HT:PCBM and
RR-P3HT:PCBMblend films are summarized in Table 1. For the
pristine films, we find that the atomic ratio of sulfur is similar for
RR-P3HT (9.3%) and RRa-P3HT (9.5%) and atomic ratio of
carbon (94.4%) and oxygen (5.6%) of PCBM is higher than that
of the P3HT (carbon 89.0% and oxygen 1.6%), consistent with
their chemical structures. Note that carbon and oxygen are
common contaminants and therefore the estimation of their
atomic ratios is only for comparison purpose.
There is relatively more amount of RRa-P3HT (5.4 at. % S, 58

vol. % RRa-P3HT) within the ∼7.5 nm thick top layer for the
pristine RRa-P3HT:PCBM film. This can be explained by the lower
surface energy of P3HT (26.9 mN/m) than that of PCBM (38.2
mN/m),34 so P3HT is preferentially favorable to cover the film�air
interface to reduce the overall surface energy.35 Interestingly, there is
an even larger amount of RR-P3HT (7.3 at. % S, 78 vol. % RR-
P3HT) on the surface of nonannealed RR-P3HT:PCBM film,
consistent with recent reports.6,13 To probe the phase-separated
thin film structure even closer to the topmost layer, we also
performed XPS measurements at takeoff angle of 30� (most
sensitive to the ∼3.8 nm topmost layer) (Figure 5a). We find that
for bothRRa-P3HT:PCBMandRR-P3HT:PCBM films evenmore
polymers are accumulated on this topmost surface, i.e. 68 vol. % (6.3
at. % S) for RRa-P3HT and 92 vol. % (8.6 at. % S) for RR-P3HT,
respectively. It shows the nearly pure RR-P3HT topmost layer in
RR-P3HT:PCBM films. It has been recently reported that a nearly
pure P3HT layer was formed on the surface of RR-P3HT:PCBM
films deposited on PEDOT:PSS-coated or silicon substrates mon-
itored by neutron scattering technique.15

The surface energies of RRa-P3HT and RR-P3HT are expected
to be similar as they have the similar chemical structures. Therefore,
the difference in the amount of P3HT molecules on the topmost
surface can bemainly attributed to the better ordering nature of RR-
P3HT molecules (better crystallization than RRa-P3HT). The
ordering of RR-P3HT molecules may phase separate the PCBM
molecules away from the surface. This agrees well with our UPS
results, which show that there is considerably less PCBM (or more
RR-P3HT) on the surface of nonannealed RR-P3HT:PCBM film.
A similar observation of surface crystallization of poly(9,9-
dioctylfluorene) (PFO) has been reported when it is blended with
poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) in thin
films.36 The origin of this PFO-rich layer is assigned to the
crystallization nature of PFO polymer on the surface of the film,
which further phase separates the F8BT away from the surface.
When the RRa-P3HT:PCBM film is annealed, both the

∼3.8 nm topmost and the ∼7.5 nm top layers show an increase
in RRa-P3HT content, suggesting that some PCBM molecules

Figure 5. (a) Experimental geometry for the (angle resolved) � X-ray
photoelectron spectroscopic measurements. Take off angle of photo-
electron is defined as the angle between sample surface and the detector.
At 90� (30�), most signal is collected within the topmost ∼7.5 nm
(∼ 3.8) layer. (b) S 2p (S 2p3/2 and S 2p1/2) core-level XPS spectra of
RRa-P3HT:PCBM and RR-P3HT:PCBM films before and after anneal-
ing at takeoff angle of 90�.



2950 dx.doi.org/10.1021/ma102841e |Macromolecules 2011, 44, 2944–2952

Macromolecules ARTICLE

may diffuse away from these layers. This is consistent with our
UPS data, which show that after annealing the RRa-P3HT:
PCBM film, there is less PCBM contribution to the UPS
spectrum. This is probably due to the fact that thermal annealing
provides an additional driving force for phase-separation to occur
between P3HT and PCBM molecules and to reach more
thermodynamically stable thin filmmorphology in the blend.13,35

When the RR-P3HT:PCBM film is annealed, the ∼7.5 nm top
layer also shows an increase in RR-P3HT content. However, for the
∼3.8 nm topmost layer, the RR-P3HT content in the annealed
blend film (∼95( 4%) is very similar to that in nonannealed blend
film (∼92( 2%). This suggests that the topmost layer is composed
of already highly crystallized P3HTmolecules even in nonannealed

state, consistent with surface enhanced crystallization of P3HT and
no changes observed in the HOMO energy levels before and after
annealing. Note that even within the ∼7.5 nm top layer, there is a
different degree of crystallization with the highest crystallization of
P3HT on the topmost layer.
Energy Levels and Thin Film Morphology. Based on

absorption, PL, optical microscopy, UPS, and AR-XPS results
observed in previous sections, we discuss the frontier energy
levels (HOMO and LUMO) and propose morphological models
of the blend films before and after annealing.
Figure 6a shows the HOMO and LUMO energy levels for

RRa-P3HT, RR-P3HT, and PCBM films. The LUMO level is
estimated by simply adding the optical band gap Eg (estimated from
absorption spectra) of thematerial to theHOMO level. It shows that
ordering P3HT chains raises the HOMO level by ∼0.3 eV with no
significant changes in the LUMO level, indicating that crystallization
makes P3HTmolecules more susceptible to oxidation. This reduced
HOMO level may also affect the Voc value in P3HT based photo-
voltaic (PV) devices.Wenote that a∼0.25V increase in theVoc value
has been observed in PV devices showing ∼0.87 V for RRa-P3HT:
PCBM and ∼0.62 V for RR-P3HT:PCBM,37 consistent with our
observation.
Our proposed (surface) morphological models for the blend

thin films before and after annealing are shown in Figure 6b. For
nonannealed RRa-P3HT:PCBM film, there are relativelymore RRa-
P3HT polymers in the∼7.5 nm top layer (∼58%) and RRa-P3HT
polymers and PCBMmolecules are well mixed within this top layer.
It is evident bymeasured strong PL quenching in this blend film that
such good mixing occurs also in the bulk of the blend film. For the
nonannealed RR-P3HT:PCBM film, there are significantly more
RR-P3HT polymers in the top layer (∼78%) with the almost pure
P3HT topmost layer (∼ 92%). These P3HT dominated top and
topmost layers may create unfavorable vertical thin film structure for
a conventional RR-P3HT:PCBM devices, i.e., hole transporting
P3HT polymers next to electron-collecting electrode.
After thermal annealing of the RRa-P3HT:PCBM film, some

PCBM molecules diffuse away from the top surface leading an
increase in RRa-P3HT content (∼ 66%). The increase in PL
quantumyield after annealing of this film tends to indicate that some
PCBM aggregates are formed after annealing. For the annealed
RR-P3HT:PCBM film, there is no further changes of the amount of

Table 1. Atomic Ratio of the Elements and Volume Ratio of P3HT in Non-Annealed RRa-P3HT:PCBMFilm, Non-Annealed RR-
P3HT:PCBM Film, and Their Annealed Films (also Shown for Pristine RRa-P3HT, RR-P3HT, and PCBM Films)

probing depth from the top surface (nm)a C (%)b O (%)b S (%) relative volume of P3HT (%)c

RRa-P3HT - 89 1.5 9.5 -

RR-P3HT - 89 1.7 9.3 -

PCBM - 94.4 5.6 - -

RRa-P3HT:PCBM ∼7.5 92.3( 0.2 2.3( 0.2 5.4( 0.0 58( 1

∼3.8 91.6( 0.2 2.1( 0.2 6.3( 0.1 68( 2

RR-P3HT:PCBM ∼7.5 91.0( 0.1 1.7( 0.0 7.3( 0.1 78( 3

∼3.8 89.7( 0.1 1.7( 0.1 8.6( 0.0 92( 2

annealed ∼7.5 92.1( 0.1 1.8( 0.0 6.1( 0.1 66( 2

RRa-P3HT:PCBM ∼3.8 91.7( 0.2 1.6( 0.2 6.7( 0.1 72( 3

annealed ∼7.5 90.6( 0.1 1.3( 0.0 8.1( 0.1 87( 3

RR-P3HT:PCBM ∼3.8 90.0 ( 0.1 1.2( 0.2 8.8( 0.2 95( 4
aBased on the photoelectron signal of S 2p. bThe binding energies of C 1s and O 1s are ∼285.05 ( 0.1 eV and ∼533.4 ( 0.4 eV, respectively. cThe
relative volume of P3HT (%) is the volume fraction of P3HT at the top layer of the blend films compared to a pure P3HT top layer. The error bars
quoted here are determined from various values obtained from three different areas on each sample.

Figure 6. (a) Simplified HOMO and LUMO energy levels of RRa-
P3HT, RR-P3HT and PCBM films and (b) morphological models of
RRa-P3HT:PCBM, RR-P3HT:PCBM films before and after thermal
annealing.
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P3HT polymers within the ∼3.8 nm topmost layer, but the
underneath layer (∼3.8�7.5 nm below the film surface), which is
not initially highly crystallized before annealing, is now further
crystallized, resulting in the accumulation of larger amount of P3HT
polymers within this layer (∼78% to ∼87%) and the formation of
distinctive micrometer-sized PCBM aggregates. Based on the much
stronger increase in PL quantum yield after annealing of RR-P3HT:
PCBM film, we consider that there are more and larger PCBM
aggregates (also in the bulk film) in this blend film than RRa-P3HT:
PCBM film. The micrometer-sized PCBM aggregates as observed
from optical images on the surface of RR-P3HT:PCBM film
(although very few %) could have been generated by diffusion of
PCBM molecules from the underneath layer.
It is important to consider different characteristics of the

disordered phase of P3HT compared to its ordered phase. Since
the disordered phase of P3HT shows the lower-lying (higher)
HOMO level and better mixing with PCBM molecules, it would
be interesting to make use of these characteristics to optimize the
performance of P3HT:PCBM devices, for example, creating the
active layer with crystallized P3HT (RR-P3HT) embedded in the
amorphous P3HT (RRa-P3HT) matrix. By doing so, one can
control to a certain degree theVoc (viaHOMO levels) and Jsc (via
better mixing) values. We notice that it has been suggested that
for an average molecular weight (30�70 kg/mol) of RR-P3HT, a
rather high polydispersity (>2) is generally required to produce a
good power conversion efficiency for RR-P3HT:PCBM solar
cells.38,39 As P3HT crystallization depends on the polymer chain
length, this high polydispersity might lead to the formation of
different amounts of ordered and disordered phases of P3HT.
We note that the discussion above is based on measurements
performed in thin films and annealing steps taken before a top
electrode evaporated. Further work is in progress to clarify any
effects induced by post annealing of the blend films performed
after evaporating the top electrode for a complete device. Our
initial study shows that the size of the PCBM aggregates when
annealed with cathode on top of the film is significantly reduced.

’CONCLUSIONS

We observed that ordering the P3HT chains raises the HOMO
energy level of P3HT thin films (reducing ionization potential) and
that this ordering of P3HT occurs preferentially at the film�air
interface in RR-P3HT:PCBM thin films (spin-coated on ITO/
PEDOT:PSS substrates). This crystallization induces phase separa-
tion between P3HT and PCBM molecules, pushing PCBM mol-
ecules further away from the film�air interface, leading to an
undesirable vertical structure with a nearly pure P3HT layer (hole
transport layer) at the film�air interface (where an electron
collecting electrode is usually deposited on for a conventional
photovoltaic device architecture). Even within the ∼7.5 nm top
layer from the film�air interface, there exists a different degree of
crystallization of RR-P3HT molecules with more significantly
crystallized P3HTmolecules on the topmost layer (∼3.8 nm thick).
We note that the disordered phase of P3HT has deeper HOMO
level and better mixing with PCBM, which may play an important
role in controlling thin film structure of P3HT:PCBM blends and
thus corresponding device performance.
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