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Vertical Phase Separation in Poly(3-hexylthiophene):
Fullerene Derivative Blends and its Advantage for
Inverted Structure Solar Cells
By Zheng Xu, Li-Min Chen, Guanwen Yang, Chun-Hao Huang, Jianhui Hou,

Yue Wu, Gang Li, Chain-Shu Hsu, and Yang Yang*
Amethodwhichenables the investigationof theburied interfaceswithoutaltering

the properties of the polymer films is used to study vertical phase separation of

spin-coated poly(3-hexylthiophene) (P3HT):fullerene derivative blends. X-ray

photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) analysis

reveals the P3HT enrichment at the free (air) surfaces and abundanceof fullerene

derivatives at the organic/substrate interfaces. The vertical phase separation

is attributed to the surface energy difference of the components and their

interactions with the substrates. This inhomogeneous distribution of the

donor and acceptor components significantly affects photovoltaic device

performance and makes the inverted device structure a promising choice.
1. Introduction
Polymer photovoltaic (PV) cells have the advantage of low-cost
fabrication and easy processing. The state-of-the-art device
structure is the polymer bulk heterojunction (BHJ),[1,2] blending
conjugated polymers intimately with soluble fullerene deriva-
tives. An interpenetrating network of the donor–acceptor blend
sandwiched between the anode and cathode offers large
interfacial area for efficient charge separation and excellent
charge transport, leading to high efficiency performance.
Regioregular poly(3-hexylthiophene) (RR-P3HT) and fullerene
derivative [6,6]-phenyl C61 butyric acid methyl ester (PCBM)
blend represents one of the most promising systems. Several
process conditions[3–6] and post-treatments[7,8] have been pro-
posed to form a nano-scale phase-separated morphology with
crystalline P3HT and PCBM domains, and the highest power
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conversion efficiency (PCE) for this system
reported so far is about 4–5%.

Morphology optimization of the active
layer is an essential way to improve the
device efficiency. Besides the lateral phase-
separated morphology, the vertical distri-
bution of the components in the blend film
is also critical, and vertical phase separa-
tion has been suggested in several polymer
blend systems,[9–12] as well as P3HT:PCBM
blends.[13–15] Campoy-Quiles et al. recently
used variable-angle spectroscopic ellipso-
metry (VASE) to model the vertical com-
position profile of P3HT:PCBM thin films
and reported a concentration gradient
varying from PCBM-rich near the poly (3,4-ethylenedioxythio-
phene)/poly (styrene-sulfonate) (PEDOT:PSS) side to P3HT-rich
adjacent to the free (air) surface. Consequently, the regular device
structure (Scheme 1a), in which the polymer blend is sandwiched
between the PEDOT:PSS-coated indium tin oxide (ITO) anode
and low work function metal cathode, has a non-ideal
composition profile. Several approaches have been proposed
to modify the composition profile to achieve better device
performance. For example, Campoy-Quiles et al. have shown that
the compositional gradient can be switched by modifying the
surface energy of the substrate with a self-assembled monolayer
(SAM). Wei et al. also introduced a new fullerene derivative with a
fluorocarbon chain which spontaneously forms a buffer layer
near the metal cathode to improve the device performance.[16]
c depiction of the regular structure and inverted

es. b) Structures of PCBM and FPCBM.
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As an alternative to the regular device structure (ITO/
PEDOT:PSS/P3HT:PCBM/Ca/Al), the inverted device structure,
e.g., [ITO/Cs2CO3(non-annealed)/P3HT:PCBM/V2O5/Al], as
depicted in Scheme 1a, uses the ITO covered with a functional
buffer layer as the cathode, has also been studied by several
groups.[17–19] The inverted structure has the advantage of improved
stability by replacing the low work function metal cathode and
PEDOT:PSS,whicharebothdetrimental todevice lifetime.[20–22] It is
also expected that the inverted device has the advantage over the
regular configuration because of the vertical phase separation.
Recently, we reported an inverted polymer solar cell by low
temperatureannealingof the functionalCs2CO3 layer.

[23]Thedevice
showed 4.2% PCE under standard measurement conditions,[24]

which overcame the efficiency gap between regular and inverted
cells. In order to validate this assumption, detailed study of the
vertical composition profile in the P3HT:PCBM blend is still
necessary.

X-ray photoelectron spectroscopy (XPS) offers a useful tool for
determining the composition at the sample surfaces. Unlike
spectroscopic ellipsometry, in XPS the weight ormolar ratio of the
components can be calculated directly from the peak intensities of
individual elements. However, due to the short mean free path of
the photoelectrons, the probing depth of XPS is only 6–8 nm. In
some cases, ion sputtering is used to investigate the concentra-
tion in bulk materials and buried interfaces.[25,26] The ion
bombardment may cause various artifacts in the analysis region,
e.g., chemical bonds breaking, preferential sputtering, interface
mixing and phase formation or roughening, etc.[27,28] Thus,
without careful calibration the concentration in the sample may
differ from the depth profile.

Here, we introduce a unique method which lifts off the blend
films and enables the investigation of the buried interfaceswithout
altering filmproperties. In this process, a common solvent such as
water is used to lift-off the blend films from various substrates and
thefloatingfilmsare then transferred tonewconductive substrates
with the selected face on the top for XPS analysis. The composition
of the P3HT:PCBM blend film can be determined from the C/S
atomic ratio obtained from XPS. Films spin-coated on various
substrates with different procedures are studied. Furthermore, a
fullerene derivative, [6,6]-(4-fluoro-phenyl)-C61-butyric acid
methyl ester (FPCBM), with a fluorine atom attached on the
phenyl ring of PCBM (Scheme 1b) molecule, is also blended with
P3HT. The attached fluorine does not alter the molecular
properties significantly while providing a label for XPS analysis.
Specifically, a direct comparison based on the XPS results
addresses the advantage of the inverted structure over the regular
one in terms of the vertical phase separation. The results are
supported by corresponding atomic force microscopy (AFM)
images and device characteristics. Finally, possible mechanisms
which induce the vertical phase separation are also discussed.
Figure 1. The compositions at the top and bottom surfaces of the blend

films spin-coated on a) glass and b) Cs2CO3.
2. Results and Discussion

2.1. XPS Analysis

The PCBM to P3HT weight ratios at the free (air) surfaces (top
surface) and the organic/substrate interfaces (bottom surface) of
� 2009 WILEY-VCH Verlag GmbH &
the spin-coated films are evaluated using C/S atomic ratios
obtained from the XPS measurement. O/S atomic ratios can also
be used to determine the composition; however, the oxygen
contamination at the sample surfaces makes the results very
unreliable. For samples lifted off in water, the oxygen signals
increases significantly. Since carbon is another common surface
contaminant, FPCBM is used as a substituent of PCBM to
evaluate the surface compositions. For samples spin-coated from
P3HT:FPCBM solution, surface compositions can be directly
determined from the F/S ratios without concern for the oxygen
and carbon contaminations. As shown in Figure 1, the
concentrations obtained from various P3HT:FPCBM sample
surfaces are consistent with those acquired from their
P3HT:PCBM counterparts. The results indicate that the carbon
contamination at the sample surfaces is not as serious as the
oxygen and the P3HT to PCBM ratios calculated from the C/S
ratios are trustworthy. Moreover, the results allow us to use
FPCBM to examine certain systems where it is hard to use C/S
ratios to derive the P3HT to PCBM ratios, such as the polymer–
PEDOT:PSS interface.

Figure 1a compares the compositions of the films spin-coated
on glass substrates under four different procedures, namely fast-
grown, slow-grown, fast-grown with annealing, and slow-grown
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1227–1234
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Figure 2. XPS spectra of S 2p region obtained from a) top and b) bottom

surfaces of the P3HT:FPCBM films spin-coated on PEDOT:PSS. c) The

composition of the films at top and bottom surfaces.
with annealing.[3] After lifting-off the polymer films, the glass
substrates are analyzed by XPS and neither S nor F signal is
detected, suggesting that the films are lifted-off entirely and no
residue is left on the glass substrate. The fast-grown and slow-
grown films show similar results, with higher PCBM (FPCBM)
concentration at the bottom surfaces for both films. After thermal
annealing, the PCBM (FPCBM) concentrations at both sides of
the fast-grown films decrease slightly while the concentrations of
the slow-grown films remain almost invariant. This may indicate
that the fast-grown films are less thermodynamically stable.

Figure 1b illustrates the results from the films on spin-coated
Cs2CO3. During the lift-off process, Cs2CO3 dissolves in water
and the polymer films separate from the substrates instanta-
neously. The dissolution of Cs2CO3 is complete and no Cs signal
is observed at the Cs2CO3 side of the films. As Figure 1b shows,
the PCBM (or FPCBM) concentrations at the polymer/Cs2CO3

interfaces are higher than those at the polymer/glass interfaces,
indicating increased vertical segregation on Cs2CO3 coated ITO
substrates. In addition, thermal annealing further enhances this
inhomogeneous distribution. The PCBM to P3HT (or FPCBM to
P3HT) ratios at the Cs2CO3 side increase over one- and two-fold
in the slow-grown and fast grown films, respectively; on the
contrary, the ratios at the top surfaces only slightly decrease.

By decreasing the take-off angle (the angle between the surface
of the sample and the detector) of the photoelectrons, a more
near-surface composition of the polymer film can be revealed.
The XPS probing depth at a take-off angle u can be estimated as
d sinu, where d is the probing depth at 90 8 take-off angle. Further
XPS studies of the fast-grown P3HT:FPCBM film with thermal
annealing at a lower take-off angle (10 8) detect no F signal at the
top surface and extremely weak S signals at the bottom surface.
The results show a pure P3HT thin layer at the air side and an
almost pure FPCBM thin layer at the Cs2CO3 side. Since, the S 2p
and F 1s signals mainly originate from a depth of about 6 nm (the
electron mean free paths are around 2 nm) at 90 8 take-off angle,
the probing depth at 10 8 take-off angle is approximately 1 nm.
Thus, the two layers are estimated to be 1 nm thick. Because
P3HT is a hole-conducting p-type semiconductor and PCBM is an
electron-conducting n-type semiconductor, this vertical inhomo-
geneous distribution is ideal for the previously reported inverted
device structure, in which the Cs2CO3 layer was used as the
cathode.[23] From ref.,[23] devices fabricated on annealed Cs2CO3

layer show a much improved performance; consequently, fast-
grown P3HT:PCBM films spin-coated on 170 8C-annealed
Cs2CO3 layer are also studied. The compositions are similar to
those obtained from films spin-coated on non-annealed Cs2CO3,
with only small decrease in the PCBM concentrations at the
bottom interfaces. Other factors besides the PCBM concentration
should account for the improvement of the device performance
using 170 8C-annealed Cs2CO3, and details about I–V behavior of
the devices will be discussed.

The polymer–PEDOT:PSS interface is one of the most
important interfaces in polymer photovoltaic devices since in a
regular device the polymer active layer is usually deposited on an
ITO substrate coated with the PEDOT:PSS interfacial layer.
However, the PEDOT:PSS remnant at the bottom surface of the
water-lifted film hinders the elemental analysis of this interface.
The PEDOT:PSS layer consists of both S and C atoms, which
makes it difficult to derive the compositions in P3HT:PCBMfilms
Adv. Funct. Mater. 2009, 19, 1227–1234 � 2009 WILEY-VCH Verl
from the C/S ratio. Nonetheless, the compositions in
P3HT:FPCBM films can instead be estimated using the F/S
ratios and the compositions of the P3HT:PCBM can be inferred
owing to the resemblance of the two kinds of films. Figure 2a
shows the normalized S 2p peaks (containing S 2p3/2 and
S 2p1/2) obtained from the top surfaces of P3HT:FPCBM films
spin-coated with different procedures. The peaks at around
164 eV binding energy are assigned to the thiophene S atoms in
P3HT. Small decrease in binding energy (about 0.2–0.3 eV) of
the peaks are observed from the annealed samples. The F 1s and
ag GmbH & Co. KGaA, Weinheim 1229
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Table 1. The composition at the top and bottom surfaces of the blend films
spin-coated on different substrates under various conditions.

PCBM/P3HT

(wt ratio)

FPCBM/P3HT

(wt ratio)

Fast-grown
Air 0.55 0.48

Glass 1.23 1.19

Fast-grown with anneal
Air 0.34 0.27

Glass 0.96 0.73

Slow-grown
Air 0.57 0.53

Glass 1.41 1.55

Slow-grown with anneal
Air 0.57 0.54

Glass 1.47 1.39

Fast-grown
Air 0.41 0.34

Cs2CO3 2.22 2.41

Fast-grown with anneal
Air 0.38 0.33

Cs2CO3 7.73 10.88

Slow-grown
Air 0.60 0.58

Cs2CO3 3.53 3.59

Slow-grown with anneal
Air 0.63 0.53

Cs2CO3 8.53 8.05

Fast-grown
Air – 0.34

PEDOT:PSS – 1.77

Fast-grown with anneal
Air – 0.18

PEDOT:PSS – 4.31

Slow-grown
Air – 0.37

PEDOT:PSS – 1.36

Slow-grown with anneal
Air – 0.36

PEDOT:PSS – 1.58
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C 1s peaks from the annealed samples show almost identical shift
to lower binding energies (not shown). Thus the phenomenon is
unlikely caused by interactions between P3HTand FPCBM, but is
induced by the change of the energy alignment at the sample/
substrate interface. The S 2p peaks measured from the bottom
(PEDOT:PSS) side of the P3HT:FPCBM films and from the
pristine PEDOT:PSS surface are shown in Figure 2b. There are
two broad peaks in the spectrummeasured from the PEDOT:PSS
surface. The higher (around 168 eV) and lower (around 164 eV)
binding energy peaks correspond to the S atoms in the sulfonate
group of PSS and in the thiophene ring of PEDOT, respectively.[29]

Similarly, the S 2p spectra from the bottom side of the
P3HT:FPCBM films also exhibit an additional peak at 168 eV,
which comes from the remnant of PEDOT:PSS layer on the lifted
films. For comparison, all the spectra from the P3HT:FPCBM
films are normalized to the peak at around 164 eV while the
spectrum from the PEDOT:PSS surface is normalized to the
168 eV peak. In Figure 2b, the peaks at 168 eV of the annealed
films are much larger than those of the non-annealed ones,
indicating more PEDOT:PSS remained at the peeled surface as
well as a stronger bonding between the P3HT:FPCBM and the
PEDOT:PSS layers after annealing. Figure 2c shows the FPCBM
to P3HT ratios at both sides of the films estimated using F/S
atomic ratios. The S 2p peak at 168 eV is not included in the
calculation. (The lower part of the bars in Figure 2c shows the
results incorporating the 168 eV peak.) The results indicate that
the FPCBM concentrations at the PEDOT:PSS side of the films
are much higher than at the top surface. In fact, the calculation
still includes the S signal from the thiophene ring of PEDOT,
which is also at about 164 eV. If this signal can be excluded from
the calculation, the FPCBM concentration at the bottom side will
be even higher. Moreover, since electrons with higher kinetic
energy generally have longer mean free paths, an overlying layer
diminishes the intensity of high binding energy peaks more than
that of low binding energy peaks.[30] Thus, the high binding
energy F 1s signal is reduced more by the remaining PEDOT:PSS
layer. However, strong F 1s peaks are still observed at the bottom
side of the P3HT:FPCBM films, which indicates that the
remaining PEDOT:PSS layer is thin and discontinuous and
the attenuation only slightly affects the results at the bottom side.
The actual FPCBM concentrations at the bottom side of the films
spin-coated on PEDOT:PSS are estimated to be higher than on
glass but lower than on Cs2CO3. Similar distribution of PCBM is
expected for the P3HT:PCBM films spin-coated on PEDOT:PSS
layer. Consistent with the results of Campoy-Quiles et al.,[15] our
findings suggest that this inhomogeneous PCBM distribution in
spin-coated films are not favorable since in a regular device, ITO
glass coated with PEDOT:PSS is used as the anode. Table 1 lists all
the data shown in Figures 1 and 2c.
2.2. AFM Images

AFM was also applied to evaluate the top and bottom surface
composition. By rinsing the film surface with 1,8-octanedithiol
(OT), which selectively dissolves PCBM,[31] the polymer network
can be exposed, allowing the qualitative evaluation of the relative
compositions. Figure 3 shows the height and phase images of the
� 2009 WILEY-VCH Verlag GmbH &
exposed top and bottom surfaces of fast grown films spin-coated
on glass substrate. Prior to exposing the polymer network, the top
and bottom surfaces show similar smooth films (not shown),
which do not show a clear indication of the individual
components. However, after selectively dissolving away the
fullerene phase by OT, the difference between the exposed
polymer network of the top and bottom surfaces is obvious
(Fig. 3). The bottom surface clearly shows a much larger surface
roughness (Rq¼ 6.9 nm, compared to Rq¼ 1.03 nm for the top
surface), and the phase image shows a much larger contrast,
indicating the existence of more fullerene phase, consistent with
the XPS results.
2.3. Device Properties

The XPS and AFM results suggest the advantage of the inverted
device structure over the regular one. A concentration distribu-
tion with PCBM-rich near the cathode and P3HT-rich adjacent to
the anode can be expected to improve the short circuit current
(JSC). For fast-grown devices without annealing, the morphology
of the active layer is not optimized, thus both the inverted and
regular structures show similar performances of PCE< 1%,
hindering the differences of these two configurations. Annealing
the P3HT:PCBM (or P3HT:FPCBM) active layer (at 110 8C for
10min) enhanced the phase separation and crystallinity of the
P3HT chains, leading to significant improvement in device
performance. Moreover, pre-annealing increases the vertical
segregation and the advantage of the inverted structure over the
regular structure is apparent under the same spin-coating
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1227–1234
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Figure 4. J–V characteristics under illumination for pre-annealed fast-

grown a) P3HT:PCBM and b) P3HT:FPCBM photovoltaic devices with

different structure.

Figure 3. AFM topography (left) and phase (right) images of a) top and

b) bottom surfaces of the exposed P3HT networks. The PCBM in the fast

grown blend films spin-coated on glass was selectively removed using OT.
parameters. For the P3HT:PCBM devices, as illustrated in
Figure 4a, a three-fold increase in JSC (2.61–7.53mA cm�2) is
obtained for the inverted device. If the 170 8C-annealed Cs2CO3 is
incorporated in the inverted structure, the device efficiency
tripled to 2%, with even higher JSC (9.13mA cm�2). For the
P3HT:FPCBM devices, as shown in Figure 4b, the improvement
is even more significant, with an almost five-fold increase in JSC
(1.82 vs. 8.64mA cm�2) and PCE (0.56 vs. 2.70%). As mentioned
earlier, the annealed Cs2CO3 does not further increase the vertical
phase separation. The JSC improvement is due to a lower
interfacial resistance contact formed upon Cs2CO3 annealing.

[23]

The series resistance for the non-annealed Cs2CO3 devices and
the 170 8C-annealed Cs2CO3 devices are only a fraction of the
regular ones, indicating the reduced resistivity of the interface.
This series resistance reduction can be attributed to an improved
interface morphology, since for the inverted devices, the Cs2CO3

side (cathode) is PCBM-rich, while the opposite V2O5/Al side
(anode) is P3HT-rich, and thus charge carrier recombination can
be substantially reduced. The detailed device operational
parameters are summarized in Table 2.

The external quantum efficiency (EQE) results obtained from
the P3HT:PCBM devices are shown in Figure 5. The inverted
Table 2. Short-circuit current density ( J<sub>SC), open-circuit voltage (Voc), P
and 5.

Voc [V] Jsc

P3HT:PCBM PEDOT:PSS 0.68

Cs2CO3 (RT) 0.56

Cs2CO3 (170 8C) 0.52

P3HT:FPCBM PEDOT:PSS 0.60

Cs2CO3 (RT) 0.54

Cs2CO3 (170 8C) 0.56

Adv. Funct. Mater. 2009, 19, 1227–1234 � 2009 WILEY-VCH Verl
device structure clearly shows a higher EQE over the entire solar
spectrum, with amaximumof 64% at 514 nm, which corresponds
to the significantly higher JSC compared to the regular device
structure. Despite the higher EQE on the non-annealed Cs2CO3

films, the JSC is lower due to a higher interface resistance of the
pristine Cs2CO3 layer itself. The interesting part is the substantial
EQE contribution from the PCBM (�350 nm), which is not seen
for the regular device structure, even for a slow-grown device.[3]

Since the UV–Vis absorption results (not shown here) show no
distinct differences between the regular and inverted device
structure, this increased EQE can be attributed to the accumula-
tion of the electron acceptor material at the cathode due to self-
stratification, which may lead to a more efficient charge
collection. This excess EQE contribution from PCBM validates
CE, and fill factor (FF) of various photovoltaic devices shown in Figures 4

[mA cm�2] FF [%] PCE [%] Rs [V cm�2]

�2.61 0.74 41.48 7.19

�7.53 1.69 40.14 2.58

�9.13 1.93 40.59 0.98

�1.82 0.56 50.77 12.62

�7.74 1.94 46.43 3.35

�8.64 2.70 55.69 2.25

ag GmbH & Co. KGaA, Weinheim 1231
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Figure 5. EQE results obtained from the pre-annealed fast-grown

P3HT:PCBM devices.

Scheme 2. Schematic of the vertical phase separation of the polymer:

fullerene blend.

1232
the advantage of the vertical phase separation for the inverted
structure.

Other processed and treatments like slow-grown film followed
by thermal annealing can further improve the lateral phase-
separated morphology and lead to better device performance.
Meanwhile, the vertical composition distribution does not vary
significantly. As a result, the effects related to the vertical phase
separation become obscure. The best regular P3HT:PCBM device
fabricated in our lab so far has the efficiency of 4.4%, which is
slightly higher than our newly-reported inverted device structure
with 4.2% PCE. However, the inverted device still benefited from
this vertical phase separation, with a higher EQEmaximum (72%
compared to 63%) and a higher JSC (11.13 vs. 10.6mA cm�2).
Furthermore, the non-negligible optical loss from the PEDOT:
PSS layer may also account the improvement in the inverted
devices.[32] Further performance improvement of the inverted
devices can be expected by optimizing the energy alignment at the
polymer/electrode interfaces and improving the conductivity of
the functional buffer layers.

2.4. Formation of the Vertical Phase Separation

The vertical phase separation in the polymer blend is believed to
be related to the differences in the surface energy of each
component. Since P3HT has a lower surface energy than PCBM,
it tends to accumulate at the air surface in order to reduce the
overall energy.[10,34] The solvent evaporation process during spin-
coating allows the morphology to reach a thermodynamically
favorable state via vertical phase separation. This similar surface
enrichment phenomenon has also been observed in other
polymer blend systems, such as the multilayer structure formed
in the APFO-3/PCBM (1:4) film, with surface enrichment of
APFO-3[10] and enrichment of the lower surface energy
component TFB at the surface for TFB/F8BT blend,[33] as well
as a partially crystallized wetting layer formed by the polyfluorene
(PFO) for PFO/F8BT blend.[34]

Due to the hydrophilic nature of the non-annealed Cs2CO3

layer, PCBM tends to accumulate much stronger on Cs2CO3 than
on glass substrates. PCBM itself has a very high density of
electrons, thus the resulting induced dipole moments presum-
� 2009 WILEY-VCH Verlag GmbH &
ably affect the intermolecular interactions between the PCBM
molecules. Ohno et al. suggested an enhanced intermolecular
interaction due to the dipole field created by the induced dipole
moments in C60 overlayers, which was caused by strong charge
transfer from the substrate to the first-layer C60 molecules.[35] It is
expected that PCBM and FPCBM should behave similarly to C60

in this aspect. Indeed, our XPS results show a significant binding
energy shift (�0.5 eV) to lower binding energy for Cs after spin-
coating an ultra-thin PCBM layer above, suggesting substantial
charge transfer. We have previously demonstrated that the spin-
coated Cs2CO3 layer forms a strong dipole on the ITO
substrate,[36] thus induced dipole–dipole interaction should also
contribute to the accumulation of PCBM at the polymer/Cs2CO3

interface. For the 170 8C-annealed Cs2CO3 layer, the surface
becomes less hydrophilic,[23] thus only charge transfer con-
tributes to the weaker affinity for PCBM accumulation. Glass
substrates have a relatively hydrophobic surface before UV-ozone
treatment, and are not preferable for PCBM accumulation. From
our results, both surface energy and charge transfer play a role in
the PCBM accumulation on various substrates, and further
studies are undergoing to elucidate the detailed mechanism of
the vertical phase separation.

The most significant PCBM accumulation occurs after pre-
annealing the polymer film on non-annealed Cs2CO3 layer, which
is due to the strongest dipole–dipole interaction. This even
stronger PCBM segregation after annealing is because the spin-
coated film has an intermediate morphology after spin-coating,
and the annealing process provides the driving force for the
polymer film to achieve a more thermodynamically favorable
morphology. It has been suggested that if thermal equilibrium is
reached, a bilayer structure should form eventually.[10]

If the vertical segregation can be controlled to a desired
morphology, where the cathode is acceptor-enriched and the
anode is donor-enriched, efficient charge dissociation via the
interpenetrating network and efficient charge transport along
the interconnected pathway, as well as efficient charge collection
at the interface can substantially enhance the device performance.
This favorable morphology based on the vertical segregation is
depicted in Scheme 2. Nonetheless, Khodabakhsh et al. have
shown that changes in surface wettability influences how the
subsequently deposited organic molecules assemble and orient
themselves, thus affecting the density of available charge
collection sites in organic solar cells.[37] As a consequence, a
PCBM-rich layer at the Cs2CO3 interface is beneficial and would
improve the device performance for the inverted configurations.
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 1227–1234
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3. Conclusions

As a conclusion, we introduced a unique method which enables
the investigation of the buried interfaces without altering the
polymer film properties. Detailed XPS analysis provided an
insight to the interfaces of the polymer/substrate, revealing
spontaneous vertical stratification upon spin-coating the polymer
films, as well as the enrichment of the donor and acceptor
components at the top and bottom surfaces, respectively. This
vertical phase separation is attributed to the differences in surface
energy and induced dipole–dipole interactions between PCBM
and the substrates. By varying the surface property of the
substrate, the distribution of the donor and acceptormaterials can
be manipulated, and the consequent vertical phase separation
makes the inverted structure a promising choice for polymer
solar cells.
4. Experimental

The device structures of regular and inverted polymer solar cells are
illustrated in Scheme 1a. The ITO substrates were pre-cleaned and treated
with UV-ozone for 15min prior to spin-coating. The regular device
structure consists of an ITO substrate coated with a PEDOT:PSS interfacial
layer as the anode; Ca (20 nm) and Al (80 nm) were thermally-evaporated
as the cathode. For the inverted structure, 0.2wt % Cs2CO3 was dissolved
in 2-ethoxyethanol and spin-coated on ITO substrates at 3000 rpm to
function as the cathode. Some of these Cs2CO3 covered cathodes were
annealed at 170 8C for 20min inside the glove box before depositing the
polymer active layer, and the surface property of this cathode layer can be
manipulated by thermal annealing treatment. V2O5 (10 nm) and Al
(800 nm) were thermally-evaporated as the anode for the inverted devices.
RR-P3HT and PCBM (or FPCBM) were separately dissolved in 1, 2
dichlorobenzene (DCB) and blended together in a 1:1w/w ratio to form a
2wt % solution. In order to exclude the possible effect of PCBM
distribution from slow growth, the active layers were spin-coated at
2000 rpm for 90 s, and were completely dried, visualized from the red-
purplish color after spin coating. Preannealing was carried out inside the
glove box at 110 8C for 10min before electrode evaporation. Device testing
was performed following the rules of ref. [24] and under simulated AM1.5G
irradiation (100mW cm�2) using a xenon-lamp-based solar simulator
(Oriel 96000 150W Solar Simulator).

The samples for XPS analysis were prepared using the same
P3HT:PCBM and P3HT:FPCBM blend solutions. The polymer films were
spin-coated on bare glass substrates or substrates pre-coated with
PEDOT:PSS or Cs2CO3 buffer layers. The Cs2CO3 was spin-coated on glass
at 1000 rpm for 60 s to ensure full coverage over the glass surface while the
PEDOT:PSS layer was spin-coated at the same condition as the device
fabrication. The polymer films were prepared using four different
procedures, namely fast-grown (3000 rpm, 60 s), slow-grown (800 rpm,
40 s with solvent annealing), fast-grown with annealing (thermal annealing
at 110 8C for 10min) and slow-grown with annealing (thermal annealing
110 8C for 10min).

During the lift-off process, the spin-coated polymer film was pre-cut into
several small pieces and rinsed in water. For samples spin-coated on the
glass substrates, due to the different surface energy between the glass
substrate and the polymer layer, water delaminates the polymer film from
the substrate. For samples spin-coated on Cs2CO3 or PEDOT:PSS buffer
layers, the P3HT:PCBM (or P3HT:FPCBM) films detach from the substrates
because of the water-soluble Cs2CO3 or PEDOT:PSS buffer layers. As a
result, the small pieces of P3HT:PCBM (or P3HT:FPCBM) films were lifted
off and floated on the water with the free (air) surface on top. Then the
‘‘lifted-off’’ films were transferred to Ag coated Si substrates with selected
surface on top.
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Because P3HT and PCBM (or FPCBM) are insoluble in water,
immersing in water does not change the PCBM to P3HT (or FPCBM to
P3HT) ratios. In another experiment, the top surfaces of the films were
treated carefully with water (without peeling off the organic film from
the substrate), but no variations in the PCBM to P3HT ratio were observed
before and after the water treatment. Due to adsorption of the hydroxyl
groups, the oxygen signals from the surfaces contacted with water were
much stronger. However, since the oxygen signals were not used in the
calculation, rinsing in water did not affect our results.

The XPS measurements were performed inside an Omicron XPS/UPS
system. The base pressure in the analysis chamber of the systemwas better
than 10�9mbar. Amonochromatic Al Ka (1486.6 eV) X-ray source was used
for excitation and the spectra were collected with a pass energy of 50 eV.

The atomic ratios were evaluated using the following equation:

n1

n2
¼ I1=S1

I2=S2
(1)

where I is the peak area and S is the atomic sensitivity factor. The integrated
areas of the XPS peaks were calculated using XPSPEAK41software and the
Shirleymethod was used to subtract the background. The atomic sensitivity
factors were extracted from the empirical values reported by Wagner
et al.[38]. Due to different instrumental design, the sensitivity factors of
different systems may not be the same. However, the accuracy of our
results can be evaluated using the following method.

Since the carbon contamination at the sample surfaces is negligible, the
S/C and F/C atomic ratios in P3HT-only and FPCBM-only samples should
be close to stoichiometry. The sensitivity factors of the S, C, and F elements
can thus be calculated by comparing the intensities of corresponding XPS
peaks. The C/S and F/S atomic ratios calculated using these sensitivity
factors are 13 and 17% lower than using values from [38], respectively. As a
result, the FPCBM to P3HT ratios are 17% lower than the values shown in
Table 1, while the PCBM to P3HT ratios are 15–25% lower at the bottom
surface and 30–40% lower at the top surface. The ratio differences are
acceptable and do not affect any conclusion in this paper.

Fast grown P3HT:PCBM films on glass substrates were used for AFM
imaging. P3HT network films were prepared by rinsing the P3HT:PCBM
film with OT for several seconds. In order to observe the organic/glass
interface of the sample, P3HT:PCBM films were peeled off using water and
transferred to another glass substrate with the bottom side up before the
OT treatment. The AFM images were obtained with tapping mode AFM
(Nanoscope IIIa, Veeco Instruments).
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