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M
ost polymer blend photovoltaic
devices are made by spin-
coating a two-component mix-

ture from a common solvent. While the ki-

netics of binary polymer phase separation is

reasonably well understood,1 the predic-

tion or analysis of the polymer phase mor-

phologies in spin-cast films is complex be-

cause the rapid solvent evaporation

typically leads to quenched blend morphol-

ogies which are far from equilibrium and

which cannot be equilibrated on reason-

able time scales.2,3 In PV devices, the crystal-

lization of one or both components further

enhances the thermodynamic and morpho-

logical complexity of cast blends.4 Despite

a decade of intensive research a detailed

understanding of the morphology-function

relationship of organic electronic devices is

still elusive.

In polymer film manufacture, the pres-

ence of the two film surfaces plays an im-

portant role during the phase separation

process. In thermodynamic equilibrium, sur-

face wetting layers reflect surface tension

differences between the binary compo-

nents. These surface tension differences

drive surface-directed composition waves

when the blend film is quenched from a

mixed state in the melt.5,6 While these ther-

modynamic mechanisms are reasonably

well understood, they are not necessarily

applicable to blends containing conjugated

polymers and nonpolymeric compounds.

When cast from a solution, phase morphol-

ogies often evolve from an initially stratified

bilayer,7 which was recently demonstrated

for generic polymer blend8 and photoactive

mixtures.9 Furthermore, the interplay of de-

mixing and polymer crystallization is ex-

pected to have a significant impact on

nano- and micrometer scale blend mor-
phologies in PV devices.

Gaining control over bulk and surface
morphologies in PV blend is expected to
have a profound effect on their perfor-
mance. Ideally, such a blend should form a
bicontinuous (possibly crystalline) morphol-
ogy in the bulk with a characteristic do-
main size that is comparable to the exciton
diffusion length (�10 nm). Near the elec-
trodes, the enrichment of the electronically
favorable component can be of advantage,
while such an enrichment of the unfavor-
able component is likely to adversely affect
PV performance. Any additional layering
parallel to the electrodes within the device
is also unfavorable. Despite the large num-
ber of publications on the preparation of
photoactive polymer blends, the full com-
plexity of these binary systems is not
understood.

In terms of film surface layers in PV-
devices, the role of a partially stratified
phase morphology should affect the
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ABSTRACT Demixed blends of poly[3-hexylthiophene] (P3HT) and C61-butyric acid methyl ester (PCBM) are

widely used in photovoltaic diodes (PV) and show excellent quantum efficiency and charge collection properties.

We find the empirically optimized literature process conditions give rise to demixing during solvent

(chlorobenzene) evaporation by spinodal decomposition. Ultraviolet photoemission spectroscopy (UPS) and X-ray

photoemission spectroscopy (XPS) results are consistent with the formation of 1�2 nm thick surface layers on both

interfaces, which trigger the formation of surface-directed waves emanating from both film surfaces. This

observation is evidence that spinodal demixing (leading to a bicontinuous phase morphology) precedes the

crystallization of the two components. We propose a model for the interplay of demixing and crystallization

which explains the broadly similar PV performance for devices made with the bottom electrodes either as hole or

electron collector. The process regime of temporal separation of demixing and crystallization is attractive because

it provides a way to control the morphology and thereby the efficiency of PV devices.

KEYWORDS: bulk heterojunction photovoltaic cells · spinodal phase separation ·
photoemission spectroscopy · poly[3-hexylthiophene](P3HT) ·
C61-butyric acid methyl ester (PCBM)
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performance of the “standard architecture” device, in

which the substrate provides the bottom contact serv-

ing as an anode and the top contact as a cathode, com-

pared to the “inverted architecture” (Figure 1). The ben-

efit of either architecture remains an open question.

Both architectures have been investigated by numer-

ous research groups, employing a range of model ac-

tive systems. Though the inverted structure undoubt-

edly offers increased stability and does not require the

use of the highly acidic poly(3,4-

ethylenedioxythiophene) poly(styrenesulfonate)

PEDOT:PSS,10,11 it remains unclear which architecture is

favorable in terms of device performance. Despite the

recent reports that vertical phase separation of P3HT

and PCBM is advantageous for inverted architecture de-

vices, similar efficiencies have been reported for the

two architectures.12,13

Very recently studies have emerged, linking aspects

of blend morphologies in thin films to PV device perfor-

mance. Using dynamic secondary ion mass spectrom-

etry, Moons and co-workers have detected the pres-

ence of a surface directed spinodal wave in spin-cast

polyfluorene:C61-butyric acid methyl ester blends.14

Despite the formation of electronically unfavorable

layer sequence, surface-directed demixing led to an im-

proved PV-device performance.

In the case of one of the most successful PV blends

of poly[3-hexylthiophene] (P3HT) and C61-butyric acid

methyl ester (PCBM), the role of demixing in thin films is

less clear. Several studies have established the enrich-

ment of P3HT at the free surface and PCBM adjacent to

various transparent conducting substrate materials,
but none of these studies provides insight into the for-
mation of these layers. Ellipsometry measurements by
Campoy-Quiles et al.15 suggest the formation of laterally
and vertically phase separated P3HT:PCBM morphol-
ogy that is driven by P3HT crystallization and subse-
quent PCBM diffusion. They postulate the formation of
linear composition gradients across the film, aiding the
PV-performance. Similar composition gradients are also
found by Loos and co-workers using electron tomogra-
phy, albeit with an inverted direction (i.e., with P3HT en-
richment at the substrate interface). P3HT:PCBM surface
composition has also been studied by electron tomog-
raphy16 and dynamic SIMS.17 Recent neutron reflectivity
studies by Mackay et al. and Jones et al. confirm P3HT
and PCBM surface enrichment but these authors do not
explain how these structures are formed.8,18

This study contributes toward a better understand-
ing of structure formation in P3HT/PCBM films and ex-
amines its consequences on regular and inverted de-
vice geometries.

We first examined thin films of P3HT, PCBM, and
P3HT:PCBM spin-cast from chlorobenzene onto ZnO
by means of UPS revealing the formation of thin pure
layers of P3HT and PCBM at the air and substrate sur-
faces of the blend film, respectively.

To probe the bulk composition, P3HT:PCBM blend
films of various thicknesses were imaged by XPS depth
profiling. This technique combines XPS, which probes
the chemical composition of the surface with an Ar ion
gun sputtering away material to achieve vertical resolu-
tion, thereby allowing direct measurement of the film
composition depth profile. This technique was previ-
ously used to reveal the composition profiles of con-
ducting polymer blends such as PEDOT:PSS19 and poly-
aniline:poly (2-acrylamido-2-methyl-1-propanesulfonic
acid) (PANI: PAAMPSA).20

Finally, we fabricated inverted architecture photo-
voltaic devices of similar thicknesses to the ones stud-
ies by XPS depth profiling and characterized their
performance.

RESULTS AND DISCUSSION
Vertical Phase Separation Studies�Top and Bottom Film

Surfaces. We examine the vertical phase separation in
blend films, first by means of ultraviolet photoemission
spectroscopy (UPS) for thin �10 nm thick films. The
UPS measurements allow us to examine the energy
level alignment between the organic layers and the
ZnO substrate. The work function (WF) of the bare ZnO
substrate is 3.6 eV, indicating that the ZnO Fermi (EF)
level lies within the conduction band.21 UPS spectra
were collected from P3HT/ZnO and PCBM/ZnO
samples. As can be seen in Figure 2, the secondary pho-
toemission onset measured on the P3HT matches,
within the experimental resolution, the onset mea-
sured on the underlying substrate (Figure 2a). This cor-

Figure 1. A schematic drawing showing the structure of a typical
standard architecture device and the structure of the inverted photo-
voltaic device studied in this work. Below are the chemical structure of
the P3HT polymer and PCBM molecule.
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responds to vacuum level alignment between the P3HT

polymer and substrate. In the case of PCBM/ZnO, the

WF is increased by 0.5 eV to a value of 4.1 eV (Figure 2b).

We interpret this increase in WF as an interfacial dipole

pointing away from the ZnO substrate, corresponding

to a ground state electron charge transfer from the ZnO

to the PCBM. The low binding energy edge of the poly-

mer valence band corresponds to the position of the

highest occupied molecular orbital (HOMO).22 We mea-

sure the positions of the P3HT and the PCBM HOMOs

to be 0.9 and 1.9 eV below the Fermi level, respectively.

Energy level diagrams are summarized in Figure 2. In

the case of a P3HT:PCBM/ZnO sample, we measure a WF

of 4.1 eV, the same as for PCBM/ZnO (Figure 2c). We

consider this to result from PCBM accumulation near

the ZnO substrate, as has been previously observed for

Cs2CO3/ITO substrates.23 The HOMO edge measured

on the blend/ZnO sample is found to be 0.5 eV below

the Fermi level. The valence band spectra for the blend/

ZnO show no PCBM features, indicating that pure P3HT

is formed on the surface of the blend film. This agrees

with previous reports of P3HT accumulation at the top

surface due to its lower surface energy.24 We assign the

blend HOMO to be the P3HT HOMO. This is corrobo-

rated by the ionization potential (IP) calculated from the

blend/ZnO UPS spectrum, which we find to be 4.6 eV,

in agreement with previously measured values for pure

P3HT.25 UPS measurements therefore show that for

thin films there is accumulation of PCBM at the ZnO sur-

face and of P3HT at the top surface.

Vertical Phase Separation StudiesOBulk Depth Profiling. We

use an XPS depth profiling technique to probe the com-

position variation in thicker films, probing chemical sur-

face composition with XPS and using ion gun sputter-

ing of the film to achieve depth resolution. We note that

that the technique does not provide lateral resolution,

as the XPS signal is collected from the entire sample

area. In the case of the P3HT:PCBM blend, the P3HT to

PCBM weight ratio can be calculated from the S/C

atomic ratios, but S/O atomic ratios prove to be unreli-

able due to oxygen contamination in the sample. To

calibrate the sputtering rate and to estimate the dam-

age in the sample upon sputtering, a 50 nm thick P3HT

film on Au was sputtered and the S/C ratio was calcu-

lated at 14 stages of sputtering throughout the sample

thickness. The S/C ratio was found to be 0.118 � 0.008,

in agreement with Ponjee et al.26 When using a gentle

sputtering rate (0.3 nm/min), the consistency in the

P3HT stoichiometry throughout the sputtering process

indicates that the damaged material is sputtered away

so that only the very top surface is perturbed. The XPS

signal comes from a depth of 4�5 nm, which remains

unaffected by the sputtering process, so that the XPS

Figure 2. (a) UPS spectra of ZnO (black) and P3HT/ZnO (red), (b) UPS spectra of ZnO (black) and PCBM/ZnO (blue), (c) UPS
spectra of ZnO (black) and P3HT:PCBM/ZnO (purple) with corresponding energy level diagrams.

Figure 3. (a) XPS depth profile obtained on �370 nm thick P3HT:PCB-
Mfilm on ZnO, (b) XPS depth profile obtained on �200 nm thick P3HT:
PCBM film on ZnO. Solid lines are guidelines for spinodal waves origi-
nating from the bottom and top surfaces.
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data provides a reliable measurement of the sample
composition as a function of probing depth. When
sputtering a P3HT:PCBM blend film, we believe that
the sputtering rate for P3HT and PCBM to be sufficiently
similar as both materials are fairly similar in
composition.

The vertical composition profile of a �370 nm thick
sample is shown in Figure 3a. As expected from the UPS
results, the top surface of the blend film (depth 0) is
P3HT rich. XPS measurements taken on very thin UPS
samples also show a thin P3HT top surface layer. The
P3HT surface layer is followed by P3HT depletion, reach-
ing a minimum at a depth of �40 nm below the sur-
face. The concentration reaches a constant value at
�120 nm, which remains constant until the substrate
interface where it falls off, in agreement with the PCBM
accumulation at the bottom surface observed with
UPS. The results for the thinner �200 nm sample are
presented in Figure 3b. As in the previous case, the top
surface is P3HT rich, followed by P3HT depletion, with
a minimum at �40 nm. The P3HT concentration in-
creases as we probe closer to the ZnO interface. Our re-
sults indicate that the XPS depth profiling method can
provide us with accurate vertical phase composition
profiles with a depth resolution of 10�20 nm near the
substrate that is set by the increasing roughness of the
sputtered surface as it is progressively removed by the
sputtering.

Inverted Photovoltaic Device Performance. We examined
the performance of photovoltaic (PV) devices with simi-
lar thicknesses fabricated in an inverted architecture
on ZnO/ITO substrates. The external quantum efficiency
(EQE) curves of devices with thickness of �200 and
�370 nm are shown in Figure 4a. The maximum EQE
is observed at a wavelength of 510 nm and is 76% for

the thicker device, and 65% for the thinner device. We

note that 76% EQE corresponds to �100% internal

quantum efficiency (IQE), showing that all the photo-

generated charge carriers were successfully collected.

The current�voltage characteristics show that the short

circuit current (Jsc) of the thin device is �30% smaller

than that of the thicker device (Figure 4b). We note that

this is in contrast to “standard” devices, in which in-

creasing the active layer thickness lowers the device

performance.27 The overall device performance param-

eters are summarized in Table 1.

DISCUSSION
The combined UPS and XPS results are consistent

with a very thin P3HT surface layer, which is nearly

P3HT-pure directly at the surface. As UPS is far more sur-

face sensitive than XPS (resolution 1�2 nm), it allows

us to estimate the thickness of the top P3HT layer to be

1�2 nm, in agreement to findings by Xu et al.11 This sur-

face layer is followed by an �80 nm wide P3HT deple-

tion zone. While the XPS resolution at the substrate is

lower, UPS reveals a similarly thin PCBM layer at the ZnO

substrate followed by a wider PCMB depletion zone

(Figure 3b). A comparison to ref 27 reveals a striking

similarity to surface-spinodal waves emanating from

the two surfaces. Such surface spinodal waves typically

Figure 4. (a) EQE of 200 and 370 nm thick inverted architecture PV devices with P3HT:PCBM active layers. (b) I�V curves
measured under a solar simulator.

TABLE 1. Voc, Jsc, FF, and Power Conversion Efficiency � of
200 and 370 nm Thick Inverted Architecture PV Devices
with P3HT:PCBM Active Layers under AM1.5 Solar
Simulator Conditions (100 mW/cm2)

Jsc(mA/cm2) Voc(V) FF (%) � (%)

thin PV device 7.15 0.56 47.9 1.91
thick PV device 10.7 0.59 45.9 2.9

A
RT

IC
LE

VOL. 5 ▪ NO. 1 ▪ VAYNZOF ET AL. www.acsnano.org332



consist of a very thin, often continuous, enrichment
layer in direct contact with the surface, followed by a
longer-wavelength wave, which mirrors the characteris-
tic spinodal wavelength in the bulk.

We therefore interpret our results in the framework
of “surface-directed spinodal decomposition” in poly-
mer blends. The preferential attraction of one of the
blend components at the surface causes the formation
of a thin adsorption layer which triggers spinodal de-
composition waves with a preferred wave vector orien-
tation normal to the surface, breaking the spatial iso-
tropy of composition fluctuations in the bulk. In the
case of P3HT:PCBM blends, P3HT tends to accumulate
at the free surface, lowering the surface energy of the
blend, while PCBM accumulates near the polar ZnO sur-
face. This results in two spinodal waves propagating
from the top and bottom surfaces into the film bulk.
The results for the thinner P3HT:PCBM sample demon-
strate this phenomenon particularly clearly. While the
spinodal P3HT wave at the top surface is evident, the
P3HT enhancement seen near the substrate is indica-
tive of PCMB adsorption at the substrate, triggering a
PCBM spinodal wave. The 370 nm thick sample, also
shows a P3HT spinodal wave originating from the top
surface, but the PCBM wave is probably obscured by
the lowered depth resolution for the thicker film.

The surface spinodal wave is expected to match the
characteristic spinodal length scale that develops in the
bulk of the sample upon quenching. While the surface
spinodal mode is affected by surface energy differences
of the blend components and its stratified topology, ex-
periments28 and model calculations29 show that the
wavelength of surface spinodal mode, while somewhat
smaller, closely approximates the bulk spinodal mode.
The wavelength of the surface spinodal wave of � � 80
nm corresponds to a wavenumber qm � 2�/ � � 8 �

10�3 Å�1 for both film thicknesses. This is in good agree-
ment with the value of �6 � 10�3 Å�1, measured by
grazing-incidence small-angle X-ray scattering (GISAXS)
by Chiu et al.30

The observation of surface-directed spinodal de-
composition is interesting because it allows us to draw
a number of conclusions concerning the evolution of
P3HT:PCBM phase morphology and crystallization. The
existence of a spinodal pattern suggests that structure
formation in the P3HT:PCBM blend is initiated by a bi-
nary demixing process. In particular, the existence of a
80 nm surface-oriented wave rules out a phase separa-
tion process that is driven by P3HT crystallization, which
would lead to much smaller structures.

Binary demixing will, however, only lead to the good
electronic properties of the P3HT:PCBM blend that we
see if the resulting blend morphology is bicontinuous.
For solution mixtures of symmetric P3HT:PCBM compo-
sition, a bicontinuous morphology upon demixing ne-
cessitates a comparable solubility of the two compo-
nents. The importance of a symmetric solubility for

P3HT:PCBM device manufacture was recently reported
by Troshin and co-workers.31 Our observation of P3HT:
PCBM demixing explains this requirement.

In addition to a bicontinuous phase morphology,
good photovoltaic performance requires P3HT crystalli-
zation and the formation of PCMB aggregates or crys-
tals. This raises the question of the interplay of demix-
ing and phase separation. Following arguments by Hu
and Frenkel32 and recent experimental work on polyole-
fins by Han,33 several simple statements can be made.
While crystallization is a nucleated process with an as-
sociated energy barrier, spinodal demixing is spontane-
ous and not subject to an energetic barrier. If the criti-
cal point for demixing is higher or comparable to the
melting point, quenching a blend from a homogeneous
melt or solution therefore initially results in the spin-
odal demixing into two coexisting phases. The onset
of crystallization is a secondary process that sets in once
the coexisting phase morphology has formed. Han has
reported two interesting observations for a binary pole-
fin blend with one crystallizable component: (1) Com-
pared to a crystallizing one-component system, crystal
nucleation is greatly accelerated by the demixing of the
same crystallizing component in a binary blend. (2)
Crystals are nucleated at the phase boundaries driven
both by kinetic32 and energetic effects.34

Crystallization of P3HT and PCBM within the phase-
separated structure must lead to a secondary demix-
ing process on a much smaller (�10 nm) length scale.
This is the necessary consequence of the fact that the
coexisting phases are pure only in the zero-temperature
limit, while the crystals are phase-pure. This interplay
of well-defined demixing and crystallization is sup-
ported by the work of researchers35 who have reported
an eutectic behavior of the P3HT:PCBM blend, which re-
quires the well controlled fractional mixing of the two
components.

While the XPS measurements provide no informa-
tion about the bulk morphology in the interior part of
the film, our conclusions concerning bicontinuous spin-
odal followed by secondary P3HT crystallization are a
combination of the observations of Figure 3 with the
structural prerequisites for a good photovoltaic perfor-
mance. A combination of our results with earlier pub-
lished work allows the reconstruction of the detailed
morphology within the P3HT:PCBM active layer. The ef-
fect of morphology on photovoltaic performance is an
important issue and has been subject to numerous
studies.36,37 Our proposed model is summarized in Fig-
ure 5: (1) During film formation thin PCBM and P3HT
surface layers form at the substrate and free surfaces,
respectively. (2) These surface layers trigger a surface
spinodal wave, which connects to (3) a cocontinuous bi-
nary morphology within the film. P3HT/PCBM phase
separation triggers (4) interfacial crystallization, thereby
creating a secondary, smaller phase morphology. Al-
though we do not offer direct evidence of interfacial
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crystallization occurring in the P3HT:PCBM system, this
is supported by observation of Han et al. as discussed
above.33

The photovoltaic consequences of this self-
organized structure are intriguing. Devices with similar
power conversion efficiencies have been reported both
for the standard and inverted architecture. This is sur-
prising in the context of the surface layering reported
here. The build-up of standard devices benefit from
P3HT enrichment at the (PEDOT:PSS) substrate surface
and PCBM enrichment at the free surface (i.e., the Al
electrode). The inverted device on the other hand ben-
efits from PCBM/P3HT layering on the substrate (ZnO)/
free (WO3) surface, respectively.

This suggests that details of the device manufac-
ture and architecture might be important. In particular,
assuming that the subsurface (80 nm) waves are not lat-
erally continuous, the existence of the thin (1�2 nm)
surface layers is disadvantageous for the standard de-
vice. However, both thin layers are easily destabilized by
further device processing. The top P3HT layer, for ex-
ample, may be perturbed during electrode evapora-
tion38 and postannealing processes.39 The bottom 1 nm
thick PCBM layer can similarly be perturbed by further
annealing steps. Alternatively, the formation of sub-
strate layer can be controlled by varying the surface
chemistry to correctly contact the bottom electrode of
either architecture device.40,41 The break-up of these ex-
tremely thin layers leaves only small amounts of the an-
tagonistic material at the two electrodes, exposing

them to subsurface waves resulting in an equally favor-
able composition for both device architectures.

In the bulk, the bicontinuous demixing morphology
enables efficient charge transport to electrodes. Within
the domains, interface-driven crystallization is favorable
because it aligns the crystal morphologies with respect
to the binary interfaces thereby enabling exciton migra-
tion to the interface followed by effective charge
separation.

CONCLUSIONS
The experimental results presented here are clear

evidence that the casting of a symmetrical P3HT:PCBM
film from chlorobenzene results in the phase separation
of the two components with a relatively large domain
size. Combining our experimental results with earlier
published work, we present a model for structure for-
mation in this photovoltaic mixture, summarized in Fig-
ure 5. Film-casting of the mixture from chlorobenzene
gives rise to surface-directed spinodal decomposition,
with the formation of 1�2 nm thick pure P3HT and
PCBM layers at the air and ZnO surfaces, respectively.
The observation of an �80 nm wide composition wave
adjacent to these surface layers in combination with
the good photovoltaic performance of the device leads
us to the conclusion of a bicontinuous P3HT:PCBM mor-
phology within the film as a result of spinodal decom-
position. Comparison to the interplay of phase separa-
tion and crystallization in polyolefin systems suggests
the formation of interface-directed crystallization (or
aggregate formation) of the two components.

The resulting hierarchical morphology is conceptu-
ally highly beneficial for the photovoltaic performance
of the blend: interfacial crystal alignment should facili-
tate exciton dissociation, while a bicontinuous meso-
morphology enables efficient charge extraction.

The kinetic structure formation pathway provides
the opportunity for the tuning of the P3HT:PCBM
photovoltaic blends based on principles that are well
established in polymer science: (1) the formation of
surface-enriched layers can be controlled by surface
modification and the use of surface-anchors; (2) the
bicontinuous domains size can be adjusted by a varia-
tion of the film-formation kinetic or the use of surfac-
tants,42 and (3) the P3HT (and possibly PCBM) crystalli-
zation kinetics and morphology can be tuned by a
postcasting solvent-vapor annealing step. The simulta-
neous control of these parameters is a challenging but
viable route toward the further improvement of P3HT:
PCBM device performance.

EXPERIMENTAL METHODS
Patterned ITO substrates were sonicated in acetone (15 min)

and IPA (15 min) consecutively. Thin films of ZnO were depos-
ited by means of spray pyrolysis deposition (SPD) from an 80 g/L
zinc acetate dihydrate (Fluka) in methanol solution.43 The

samples were annealed at 350 °C in air for 15 min. For the ultra-
violet photoemission spectroscopy (UPS) studies, the P3HT
(Rieke Metals, Mw � 50000�60000 g/mol, RR � 92�93%) and
PCBM (Solenne) were weighed in air and dissolved in anhydrous
chlorobenzene (CB) at 70 °C overnight to spin-coat thin films

Figure 5. Schematic diagram of the detailed morphology within the
P3HT:PCBM active layer: (1) During film formation thin PCBM and
P3HT surface layers form at the substrate and free surfaces, respec-
tively. (2) These surface layers trigger a surface spinodal wave, which
connects to (3) a cocontinuous binary morphology within the film.
P3HT/PCBM phase separation triggers (4) interfacial crystallization,
thereby creating a secondary, smaller phase morphology.
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(�10 nm) of P3HT, PCBM, and P3HT:PCBM 1:1 weight-ratio
blends. For X-ray photoemission spectroscopy (XPS) depth pro-
filing studies as well as for photovoltaic devices (PVs) concentra-
tions of 35 and 48 mg/mL were used either to spin coat thin
films (�200 nm) or thick films (�370 nm). The film thicknesses
were determined using a Dektak profilometer. The organic lay-
ers were spin coated from a hot solution using a two-step spin-
ning process: first, at a speed of 600 rpm for 300 s and then im-
mediately at 3000 rpm for an additional 60 s.

The PES samples were annealed at 130 °C for 15 min in or-
der to remove residual solvent and transferred to the ultrahigh
vacuum (UHV) chamber (VG ESCALAB MK-II) for UPS/XPS mea-
surements. The PV samples were transferred to a thermal evapo-
ration chamber for WO3 (10 nm), Ag (30 nm), and Al (60 nm)
deposition under high vacuum (1 � 10�6 mbar). Finally, the
samples were post annealed at 130 °C for 15 min.

UPS measurements were performed using the He I photon
line (h	 � 21.22 eV) of a He discharge lamp under UHV condi-
tions (4 � 10�10 mbar). Emitted photoelectrons were collected
using a semispherical channeltron with analyzer pass energy set
to 5 eV. During data collection the samples were biased at �10
V in order to measure the onset of the photoemission spectra,
which is used to determine the position of the vacuum level. The
analyzer resolution was confirmed by Fermi-step of atomically
cleaned gold-foil to be 0.15 eV. An Ar
 ion gun was used for
sputtering experiments at an ionization energy of 2 kV. The
beam was defocused to cover the entire sample area. The sput-
tering rate was estimated to be approximately 0.3 nm/min. XPS
was carried out with the Mg K� line (h	 � 1253.6 eV) with ana-
lyzer pass energy of 10 eV.

For external quantum efficiency (EQE) measurements (in air)
a 100 W halogen lamp and a Bentham monochromator were
used. The measurements were performed as a function of wave-
length at intensities of �1mW/cm2. To measure the I�V curve
of the device under AM1.5 conditions, an Oriel 81160�1000 so-
lar cell simulator was used. To obtain reliable data, a spectral mis-
match correction is carried out using a calibrated and certified in-
organic solar cell.
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