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In this study the performance differences of layered and bulk-heterojunction based organic solar
cells composed of the prototypical p- and n-type organic semiconductors pentacene �PEN� and
fullerene �C60� are correlated with the physical properties of the heterostructures. The electronic
structure of layered and codeposited thin PEN and C60 films on the conducting polymer substrate
poly�ethylenedioxythiophene�:poly�styrenesulfonate� �PEDOT:PSS� was investigated with
ultraviolet photoelectron spectroscopy. Layered structures of C60 on PEN precovered PEDOT:PSS
exhibited an offset of the highest occupied molecular orbital �HOMO� levels of 1.45 eV. In contrast,
codeposited films of PEN and C60 showed a reduced HOMO-level offset of 0.85 eV, which
increased to 1.45 eV by precoverage of the substrate with a thin PEN layer. In this case, the
PEN-HOMO level was Fermi-level pinned at 0.35 eV binding energy and charge transfer between
PEN and PEDOT:PSS decreased the vacuum level by 0.75 eV. In addition, the morphology and
crystal structure of the respective systems have been investigated by atomic force microscopy
�AFM�, x-ray diffraction �XRD� and Fourier-transform infrared spectroscopy, which indicated
pronounced phase separation of PEN and C60 in the codeposited films. XRD revealed crystalline
growth of PEN in all investigated cases forming crystallites that exceeded the nominal film
thickness by an order of magnitude, whereas C60 was crystalline only if grown on the PEN
precovered substrates. AFM investigations allowed to correlate morphology and structure revealing
micro- and nanophase separation between PEN and C60. © 2008 American Institute of Physics.
�DOI: 10.1063/1.3040003�

I. INTRODUCTION

�Poly-�crystalline films of conjugated organic molecules
are of interest for a large variety of applications in the field
of organic electronics, including in particular light emitting
diodes, thin film transistors, and photovoltaic cells �OPVCs�.
Significant efforts have been directed toward improving the
understanding of organic/organic heterostructure interfaces,
since numerous applications are based on the combination of
different organic compounds.1–4 Concerning OPVCs, the
combination of preferentially hole and electron conducting
materials in a layered or a mixed-bulk morphology has been
shown to be suitable for the fabrication of efficient solar
cells.5,6

The material pair pentacene �PEN� and fullerene �C60�

�chemical structure; see Figs. 1�a� and 1�b�� has been re-
ported as efficient heterojunction in OPVCs based on layered

thin organic films.7–9 Alternatively, OPVCs based on bulk
heterojunctions formed via codeposition have been reported
to show enhanced device performance compared to layered
heterojunctions, like in case of phthalocyanines combined
with 3,4,9,10-perylene tetracarboxylic bis-benzimidazole5 or
C60,10–14 which could be explained through improved charge
transport as well as increased exciton dissociation efficiency
at the bulk heterojunction.6 However, no comprehensive
study on the comparison of layered and bulk heterojunctions

for PEN and C60 exists, although it is well established that
PEN exhibits phase separation in case of codeposition15,16

and that PEN based codeposited OPVCs show auspicious
performance results.17

The present work was motivated by our experimental
finding that bulk-heterojunction OPVCs based on PEN and
C60 codeposited films �PEN+C60� show significantly lower
efficiency compared to the respective layered structures �Fig.
2�. This is surprising, since we would expect PEN and C60
to exhibit phase separation, therefore maximizing the com-
mon donor/acceptor interface and the energy levels to be
suitable for efficient exciton dissociation. The aim of this
comprehensive study is to identify the key parameters, which
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FIG. 1. The chemical structures of pentacene �a�, C60 �b� and PEDOT:PSS
�c�.
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lead to this unexpected result. We addressed this issue by �i�
the thorough investigation of the electronic properties of lay-
ered and codeposited PEN+C60 heterojunctions on the ap-
plication relevant conducting polymer electrode poly�3,4-
ethylenedioxythiophene�/poly�styrenesulfonate�

�PEDOT:PSS� �chemical structure; see Fig. 1�c�� using ultra-
violet photoelectron spectroscopy �UPS�. This is of highest
interest, because the energy level alignment at interfaces
plays a crucial role for the dissociation of photogenerated
excitons as well as for the injection of charge carriers, which
can act as bottleneck for organic device performance.4,18–22

�ii� We investigated the structural properties of layered and
codeposited heterostructures using x-ray diffraction �XRD�,
since efficient bulk heterostructures require phase separation
at the length scale of the exciton diffusion length, continuous
paths of the pure materials to the electrodes as well as low-
ermost defect densities.5,13,18,23

�iii� We performed controlled
heating experiments of PEN+C60 bulk heterostructures and
investigated the impact on the structural order, since postfab-
rication annealing is a commonly applied tool to increase the
device performance through structural rearrangement.5,24 Fi-
nally �iv�, we used atomic force microscopy �AFM� to study
the morphology of the investigated heterosystems in con-
junction with Fourier-transform infrared spectroscopy �FT-
IR� measurements to challenge our interpretations deduced
from XRD and AFM.

II. EXPERIMENTAL

An aqueous dispersion of PEDOT:PSS �weight ratio of
1:20 �Baytron®P CH8000, H. C. Starck Gmbh & Co. KG��

25

was spin cast onto freshly cleaned and UV /O3 treated �30
min� indium-tin oxide �ITO� coated glass substrates �8
�8 mm2 size� under ambient conditions; the substrates were
annealed at 200 °C for 5 min in ambient air and served as
high work-function electrode. Photoemission experiments

were performed at the FLIPPER II end-station at HASYLAB
�Hamburg, Germany�.26 The interconnected sample prepara-
tion chambers �base pressure 2�10−9 mbar� and analysis
chamber �base pressure 2�10−10 mbar� allowed sample
transfer without breaking the ultrahigh vacuum. Pentacene
�Fluka, purum grade 99.9%� and C60 �Sigma-Aldrich, purity
99.9%� were used without further purification and were
evaporated using resistively heated pinhole sources at evapo-
ration rates of about 1 Å /min; codeposition was performed
via simultaneous evaporation from two spatially separated
sources. The film mass thickness was monitored with a
quartz crystal microbalance. Hence, the indicated values for
coverages correspond to nominal film thicknesses. UPS
spectra were recorded with a double-pass cylindrical mirror
analyzer in off-normal geometry and with an acceptance
angle of 24° at an energy resolution of 200 meV and a pho-
ton energy of 22 eV. The secondary electron cutoffs �SECOs�

�for determination of the sample work function ��� and the
ionization energy �IE�� were measured with the sample bi-
ased at −3.00 V. The position of the substrate Fermi energy
was determined using a freshly evaporated and sputtered Au-
film. The error of all given values of binding energies �BEs�

and SECO positions is estimated to �0.05 eV. All spectra
shown were measured with the sample kept in dark and no
spectral shift was observed when the samples were illumi-
nated with white light from laboratory lamps thus ruling out
surface photovoltaic effects during UPS measurements.
X-ray diffraction �XRD� measurements were performed at
the beamline W1 at HASYLAB; the wavelength was set to
�=1.1808 Å. The upper limit of instrumental broadening of
the setup was estimated by the 2�-width of the �111� reflec-
tion of a Ag�111� single crystal to 0.0382�0.0003°; line
profiles were fitted using the pseudo-Voigt function. Addi-
tional structural investigations were performed on �100�

p-doped silicon wafers with native oxide �Siegert Consult-
ing, prime grade� as model substrates cut into 10�10 mm
coupons. The root mean square �RMS� roughness of the SiO2

substrates was determined to be below 2 Å by AFM. The
substrates were used as received; the cleanliness was con-
firmed prior to the film deposition by AFM investigations.
Heating experiments were performed under He atmosphere;
a constant temperature was held for 120 min at each step
using a Lakeshore 330 temperature controller. All AFM in-
vestigations were done on Veeco Nanoscope III instruments
in TappingMode®, recording topography and phase images.
Current versus voltage curves �I-V curves� on OPVCs were
recorded without breaking the vacuum immediately after de-
vice preparation using a Keithley 2400 General-Purpose
SourceMeter �Keithley Instruments Inc.� under illumination
through the glass substrate with a quartz halogen lamp
�Solux, Light Bulbs Etc Inc., 12 V, 50 W, 4700 K with 10°
beam spread� providing �100 mW /cm2 �Pinc� at the sample
position. The top contacts for the I-V measurements were
vacuum sublimed samarium pads contacted with a flexible
gold wire. FT-IR measurements �resolution 2.0 cm−1, near-
normal transmission geometry� were performed with a
Bruker IFS-66v spectrometer. All preparation steps and mea-
surements were performed at room temperature.

FIG. 2. �Color online� Representative current versus voltage characteristics
of a layered C60 on PEN �curves labeled 1� and a bulk heterostructure based
PEN+C60 OPVC �curves labeled 2� in dark �black� and under illumination
�colored curves�; the inset shows a cartoon of the OPVC structures. The
shaded rectangles �areas: Pmax=max�JV�, intersection with the I–V curves at
the maximum power point� in the power generating fourth quadrant indicate
the fill factor. Device 2 exhibits a short circuit current density about six
times lower than the layered structure.
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III. OPVC CHARACTERISTICS

Layered and 1:1 codeposited OPVCs of PEN and C60
were investigated in vacuum by current versus voltage mea-
surements. Representative I-V curves are shown in Fig. 2;
the inset depicts the respective device geometry and the
nominal layer thicknesses. For the layered �C60/PEN� OPVC
�blue curve in Fig. 2� we found an open circuit voltage �VOC�

of 0.24 V, a short circuit current density �JSC� of
4.15 mA /cm2, and a fill factor FF= Pmax / �JSCVOC� of 33%,
where Pmax=max�JV� denotes the maximum power of the
OPVC. For the bulk-heterojunction based OPVC �PEN
+C60 on a thin PEN underlayer, red curve in Fig. 2� we
found a slightly increased value for VOC of 0.29 V and a
significantly reduced value for JSC of 0.73 mA /cm2 �FF
=31%�. An evaluation of the power conversion efficiencies
�P=JSCVOCFF / Pinc for the two device types �measured un-
der identical experimental conditions� yielded an approxi-
mately six times lower value of �P for the bulk-
heterojunction devices. The result for the C60/PEN OPVC is
comparable to published data8,27 taking into account the ab-
sence of a bathocuproine �BCP� exciton blocking layer in our
OPVC.28 However, the bulk heterojunction OPVC showed
reduced values for JSC and �P by almost a factor of 6. To
investigate whether this result is caused by a modification of
the electronic structures of PEN and C60 in case of codepo-
sition we performed UPS on the pure, layered and codepos-
ited samples of PEN and C60.

IV. ELECTRONIC STRUCTURE

Figure 3 shows thickness dependent UPS spectra of lay-
ered and codeposited PEN and C60 films. From the SECO
the sample work function can be derived and the emission
onset of the highest occupied molecular orbital �HOMO�

yields the hole injection barrier �H �Ref. 19�. The deposition
of PEN with a nominal thickness ��PEN� of 128 Å on the
PEDOT:PSS substrate ��=5.30 eV� decreased the vacuum
level by 0.75 eV �see Fig. 3�a��. This shift of the vacuum
level can be attributed to an interfacial charge transfer since
PEN is Fermi-level pinned on conducting polymer substrates
with high work functions.29,30 The PEN spectrum in the va-
lence electron region with the onset of the HOMO derived
peak at 0.35 eV BE is consistent with earlier reported spectra
of PEN on PEDODT:PSS.29 The subsequent deposition of
C60 with a nominal thickness ��C60� of up to 16 Å on top of
the PEN underlayer did not further change the position of the
SECO; i.e., C60 seems vacuum level aligned with PEN.
However, further deposition of up to 64 Å C60 increased the
vacuum level by 0.15 eV. In the valence electron region the
emission feature of the C60 HOMO level became apparent
with the peak onset at 1.80 eV BE. The PEN features were
gradually attenuated by the C60 deposit and almost vanished
at �C60=64 Å; the position of both the C60 and the PEN
HOMO levels stayed essentially constant for all values of
�C60. Therefore, we conclude that C60 and PEN exhibit a
HOMO level offset ��HOMO� of 1.45 eV in the layered ar-
rangement C60/PEN on PEDOT:PSS. This is a relatively
large value for �HOMO, which is a crucial energetic parameter
for efficient exciton dissociation in OPVCs accessible via

UPS.18 A recent UPS study of C60/PEN on polycrystalline
Au substrates yielded similar results for the energy level
offsets.31

In the case of codeposition of PEN and C60 in a volume
ratio of 1:1 on PEDOT:PSS without a PEN underlayer �see
Fig. 3�b�� we found a small increase in the sample work
function to �=5.20 eV for a nominal film thickness �CO

	16 Å, which can be deduced from the shift of the SECO
to higher kinetic energy. This is the same trend as found in a
previous study of pure C60 on PEDOT:PSS.32 Further PEN
+C60 deposition of up to a nominal thickness ��CO� of 64 Å
did not change � �Ref. 33�. In the valence electron region we
found a superposition of the emission features that we at-
tribute to PEN and C60. For �CO up to 64 Å the onset of the
PEN HOMO emission was found at 0.30 eV BE, which is
essentially the same value as found for the pure PEN film
�see above�. However, the onset of the C60 HOMO emission
was at 1.15 eV BE in case of codeposition, which leads to a
reduced value for �HOMO of 0.85 eV. If we take into account
the reported values for the PEN and C60 transport gap �Eg

T�

of 2.2 eV �Ref. 20� and 2.6 eV,34 respectively, we can esti-
mate the offsets of the lowest unoccupied molecular orbital
�LUMO� levels to 1.05 eV for C60 on PEN and to 0.45 eV
for PEN+C60 �assuming identical polaron energies of the
two systems�.

One crucial prerequisite for efficient exciton dissociation
at the donor/acceptor interface is that the exciton energy
�Eex; obtained as transport gap minus exciton BE� is larger
than the offset in the HOMO of the donor and the LUMO of
the acceptor.18 For C60 on PEN this offset is 1.15 eV,
whereas for PEN+C60 on pristine PEDOT:PSS we derive an
offset of 1.75 eV, which is already in the range of Eex of
PEN, as estimated from the optical gap �1.90 eV�.15 There-
fore the dissociation efficiency for excitons generated in
PEN at a bulk-heterojunction interface to C60 grown on bare

PEDOT:PSS may be far lower than at a layered heterojunc-
tion of C60 grown on a PEN underlayer. The change in the
HOMO-LUMO level offset due to PEN precoverage is a
consequence of the substrate work-function shift due to the
Fermi-level pinning of PEN. Hence, it appears reasonable to
precover the PEDOT:PSS substrate with PEN prior to PEN
+C60 codeposition in order to achieve energetics suitable for
efficient bulk-heterojunction OPVCs �as it was done for the
bulk-heterojunction based devices shown in Fig. 2�.

The results of UPS investigations of a codeposited
PEN+C60 film on PEDOT:PSS precovered with 128 Å
PEN are shown in Fig. 3�c�. The SECO position stayed con-
stant upon PEN+C60 deposition after the initial decrease in
� by 0.80 eV due to the PEN coverage of the substrate. In
the valence electron region we found again a superposition
of the PEN and C60 HOMO features with emission onsets at
0.35 eV BE and 1.80 eV BE, respectively. The HOMO level
positions stayed constant up to the final �CO of 64 Å. These
values are identical to the case of C60/PEN and the HOMO
level offset for PEN+C60 structure on PEN was again 1.45
eV.35

These findings demonstrate that the different OPVC per-
formance of the two device structures shown in Fig. 2, i.e.,
the lower JSC value in the codeposited case �on the PEN
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FIG. 3. �Color online� Thickness dependent UPS spectra of C60 on PEN precovered PEDOT:PPS �a�, the codeposited PEN+C60 films on bare �b� and PEN
precovered PEDOT:PSS �c� showing the SECO region �left panel�, the valence orbital region �middle panel�, and the respective schematic energy level
diagram �right panel�; vertical lines at the peak maxima in the valence electron region are guides for the eyes. � denotes the nominal layer thickness, EF the
Fermi energy, �vac the shift of the vacuum level, and 0� labels the spectrum of the 128 Å PEN precoverage layers. In the schematic diagram dark and light
colored rectangles depict HOMO and LUMO levels, respectively. The LUMO positions were estimated via the transport gaps.
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buffer layer�, cannot be explained by differences of the re-
spective PEN and C60 heterojunction energy levels. There-
fore structural reasons may account for the different perfor-
mance of the PEN+C60 /PEN bulk heterojunction in
comparison with the layered C60/PEN structure. This ques-
tion was addressed via x-ray diffraction experiments on SiO2

as model substrate.

V. STRUCTURAL INVESTIGATIONS

We performed specular x-ray diffraction investigations
on pure C60 ��C60=20 nm� and PEN ��PEN=10 nm� films,
on a C60 film ��=30 nm� on a thin PEN underlayer ��PEN

=3 nm� as well as on codeposited PEN+C60 �total �CO

=20 nm� films on the bare and the PEN precovered sub-
strate, the results are shown in Fig. 4�a�. The pure C60 film
showed pronounced thickness oscillations �Kiessig fringes37

�

corresponding to a layer thickness of 21�1 nm which stem
from a smooth film of a thickness almost equal to the nomi-
nal film thickness. No Bragg peak could be observed thus
indicating amorphous growth of C60 on bare SiO2. In con-
trast, on the approximately two monolayer thick PEN under-
layer �broad PEN features marked with shaded squares in
Fig. 4�a�� the C60 film exhibited the �002� and �004� peaks
of hexagonally close packed C60,38 i.e., crystalline C60
through an ordering effect by the PEN underlayer growing in
a c� axis orientation.39 We explain this effect by the charac-
teristic distance of neighboring identical molecules in the
�001� plane of the pentacene thin film phase40,41

�0.9637 nm�,
which leads to a varying surface potential in the periodicity
of the lattice constant a of the hexagonal C60 polymorph
�1.0009 nm� that initiates crystalline C60 growth in the spe-
cific polymorph, providing strong indications for heteroepit-
axy of C60 and PEN. The intensity of the Kiessig fringes
�corresponding to a film thickness of 33�1 nm� is dramati-
cally reduced in case of C60 on PEN, however, the thickness
oscillations nicely correlate to the total nominal film thick-
ness. From the spacing of the Laue oscillations42–44 in the
vicinity of the first three C60 peaks �see inset of Fig. 4�a��

the coherent film thickness can be derived to 24�1 nm,
which indicates coherent out-of-plane order throughout al-
most the complete C60 film. The growth of PEN in the thin
film phase �001-texture� on our SiO2 substrate is demon-
strated for the pure PEN film in Fig. 4�a�.

In the PEN+C60 film on bare SiO2 we found thickness
oscillations corresponding to a smooth film of 13�1 nm
and a series of pronounced Bragg peaks that correspond to
the lattice spacing of the 00l-series of the PEN thin film
phase, though no indication of crystalline C60 could be ob-
served. However, for the PEN precovered film the �002� re-
flection of C60 can clearly be observed as shoulder of the
PEN �001� peak; at a nominal film thickness of �=40 nm
even the �004� reflection can be found sufficiently separated
from the PEN �004� peak �see inset of Fig. 4�a��. This al-
lowed to determine the out-of-plane crystalline coherence

length of the crystalline C60 portion to 17�2 nm �estimated
by the Scherrer formula45

�, i.e., almost half of the nominal
film thickness.

The microstructure of the PEN portion of the codepos-
ited film is an application relevant parameter, since defects or
grain boundaries are limiting factors of device
performance.46 The investigation of the microstructure was
performed applying a Williamson–Hall analysis
�WHA�;16,47,48 the results are shown in Fig. 4�b�. Herein, the
total integral breadth �
2�� defined as the ratio of peak area
and height is attributed to both diffraction order-independent
broadening �
S� due to the average finite size of the crystal-
lites and order dependent broadening �
D� due to strain fields
introduced by dislocations �after the correction of the instru-
mental broadening�. With WHA 
S can thus be separated
from 
D by a plot of 
2�

� =
S
�+
D

� =1 / �L�V+2ed�, where
�L�V denotes the vertical volume-weighted average thickness
of the crystallites and e denotes the maximum (upper limit)

strain that is proportional to the crystal lattice distortion;49–51

parameters expressed in reciprocal units are marked with � ��

�Ref. 52�. From WHA we found values of 42�2.5 nm and

(a)

(b)

FIG. 4. �Color online� Specular x-ray diffraction results on films of nomi-
nally �from bottom to up�: 20 nm C60, 30 nm C60 on 3 nm PEN, 10 nm
PEN, 20 nm PEN+C60 and 20 nm PEN+C60 on 3 nm PEN �a� and a WHA
of the PEN reflections in the codeposited films �b�. Peaks of the �00l�-series
from the PEN thin film phase are labeled with gray squares, the �002� and
�004� reflections from C60 with triangles, and the black square denotes the
�1–10� peak of a PEN bulk phase �Ref. 36�. qz denotes the perpendicular
momentum transfer with respect to the substrate plane, 
� and d� denote the
2�-integral peak breadth and the lattice spacing, respectively, expressed in
reciprocal units. The inset in �a� shows a zoomed representation around the
�004� peak of the C60 film on the PEN underlayer compared to the spectrum
of a PEN+C60 film �nominal thickness 40 nm� on PEN.
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25�0.5 nm for �L�V of the PEN+C60 films on the bare and
PEN precovered substrate, respectively. The microstrain was
in both cases identical with e=0.0025�0.0005. Interest-
ingly, this value is the same �within the error margin� as the
value found for a pure PEN film of �=30 nm �e

=0.0018�0.0005� in a previous study.16 An analogous
analysis was done for the film of �=40 nm and yielded val-
ues of �L�V=87�12 nm �e=0.0038�0.0008� and �L�V

=45�1 nm �e=0.0015�0.0003� on the bare and PEN pre-
covered substrate, respectively.

In summary, our XRD results indicate that �i� PEN
+C60 films exhibit phase separation, �ii� PEN grows in the
thin film phase polymorph and forms islands with a height
exceeding the nominal PEN mass thickness �i.e., �CO /2� in
the codeposited films by factors of 4 and 2 for the bare and
the PEN precovered substrate, respectively, �iii� the PEN is-
lands in the PEN+C60 films exhibit structural order compa-
rable to pure PEN films, and �iv� PEN precoverage leads to
an on ordering effect on C60 in the PEN+C60 film, as was
also found for the layered structure of C60 on PEN.

It has been reported that postfabrication annealing of
films of OPVC material pairs5,53 and pure C60 layers24 was

able to impact the structural, surface and electrical proper-
ties, which can lead to a device efficiency improvement.
Therefore, we investigated the impact of annealing on the
PEN+C60 film deposited on the PEN underlayer; the XRD
results are shown in Fig. 5�a�. From the specular scans it
becomes evident that annealing increases the order in the
C60 portion, since the as prepared film does not exhibit the
second order reflection of C60, which, however, can be ob-
served in all spectra of the annealed samples. Interestingly,
the corresponding �002� lattice spacing derived from the
�004� reflection is significantly reduced from 0.843 nm in the
sample annealed at 120 °C to 0.817 nm for annealing tem-
peratures �145 °C, which then equals the value found for
the pristine C60 film on PEN. At annealing temperatures
higher than 145 °C no more PEN features are found. Our
WHA analysis �Fig. 5�b�� reveals that heating up to 120 °C
did not significantly change the value of �L�V determined to
24.5�1 nm. Moreover no change of the strain value could
be observed. Between 120 °C and 140 °C the value of �L�V

is significantly reduced to 14.5�1 nm, and further to
13.5�1 nm for 145 °C thus indicating desorption of PEN
from the film. From these findings we can deduce a PEN
desorption temperature higher than 120 °C �at ambient pres-
sure� hence demonstrating the possibility to make use of
postfabrication annealing of PEN+C60 heterostructures at
this temperature. Note that annealing of the PEN+C60 film
on a bare substrate �i.e., without PEN precoverage� up to
150 °C did not provide evidence for a crystallization of C60
�not shown�.

To investigate the validity of the above findings for the
application relevant substrate PEDOT:PSS on ITO coated
glass, we performed specular XRD measurements on pure
C60 ��=20 nm� and PEN ��=20 nm� films and on a code-
posited PEN+C60 �total �=40 nm� film on the bare sub-
strate and on a thin PEN underlayer ��=3 nm�; the results
are shown in Fig. 6. We found evidence for amorphous
growth of C60 in the pure and codeposited film on the bare

(a)

(b)

FIG. 5. �Color online� Specular x-ray diffraction measurements on annealed
PEN+C60 structures ��CO=20 nm� on PEN precovered SiO2 substrates �a�

and the corresponding WHA �b�. Peaks in �a� of the PEN thin film phase
00l-series are labeled with gray squares, the �002� and �004� reflections from
C60 with triangles.

FIG. 6. �Color online� Specular x-ray diffraction on PEDOT:PSS coated
ITO �from bottom to up�: Reference PEDOT:PSS �CH8000� on ITO, 20 nm
C60, 20 nm PEN, 40 nm PEN+C60, 40 nm PEN+C60 on 3 nm PEN. PEN
thin film phase peaks are labeled with gray squares, reflections from C60
with triangles, and the black square denotes the �1–10� peak of a PEN bulk
phase. Inset: Low angle reflectivity region; � denotes the Bragg angle.
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PEDOT:PSS substrate as well as �00l� textured growth of
PEN in the thin film phase. In the case of the PEN precov-
ered substrate, we found the �002� reflection of the hexago-
nal C60 polymorph in complete analogy to our findings on
SiO2. Note that in the low angle region of the spectra two
critical angles ��c,1, �c,2� can be observed that we attribute to
the PEDOT:PSS layer as well as to the underlying ITO/glass
substrate, respectively. This allows to estimate the mean
electron density of the PEDOT:PSS layer to ̺el,1

=0.51e Å−3.54,55

VI. MORPHOLOGY

We performed additional AFM investigations using to-
pography and phase imaging in order to correlate the results
from our structural investigations to morphological proper-
ties; representative micrographs are depicted in Fig. 7. A film
of C60 on the PEN precovered SiO2 substrate exhibited a
granular morphology �RMS roughness=3.1 nm� comparable
to previous reports27,56 with an island density of
�90�10� m−2, which was about 30 times lower than for

C60 on the bare substrate �RMS roughness=1.6 nm; see in-
set of Fig. 7�b��. AFM topography micrographs of the PEN
+C60 film on the PEN precovered substrate are shown in
Figs. 7�c�–7�e�. The most apparent feature is a needle-like
network with an elevation of up to 200 nm exhibiting an
internal structure best visible in the corresponding phase im-
age �Fig. 7�d��. The area between these islands �Fig. 7�e��

exhibits a variety of morphologies: areas of meandered
lamellae �1� as well as areas of round islands �2� embedded
within a smooth matrix. These morphologies strikingly re-
semble patterns often found in phase-separated block copoly-
mers and polymer blend films.57–59 AFM phase imaging can
provide high contrast due to variations in local attractive
forces and stiffness and can therefore be used as tool to dis-
criminate between areas covered by different chemical com-
pounds in blended films.60–62 The phase image in Fig. 7�f�
reveals comparably the same phase angle values ��� in the
meandered lamellae �1� and the round islands �2�, however,
with high contrast to the surrounding smooth matrix in �2�

�white areas in Fig. 7�e�� with a phase angle variation of
���20°. We interpret this finding as nanophase separation
between C60 �islands� and PEN �matrix� in area �2�.

The assignment of the morphological features to the dis-
tinct materials can be corroborated via AFM investigation of
the PEN+C60 on PEN sample heated to 150°, where the
desorption of PEN was confirmed via XRD �see Sec. V�. In
large area AFM micrographs no more needle-like crystallites
like in Figs. 7�c� and 7�d� could be observed, whereas the
close-view on the structure of the remaining film in Fig. 8
almost perfectly resembles the morphology of the as pre-
pared film, however, without the smooth matrix surrounding
the round islands. In the corresponding phase images �� of
neighboring features did not significantly vary as was the
case for the as prepared film. These findings are evidence
that both the needle-like crystallites with high elevation and
the smooth surrounding matrix of the round islands consist
of PEN. Moreover, after the annealing process no significant
number of pores was observed instead of the PEN matrix,
which points to the nanophase-separated PEN portion not
penetrating deep into the C60 film and therefore not forming
continuous paths to the substrate.

An AFM investigation of the PEN+C60 film ��
=20 nm� on PEN precovered PEDOT:PSS substrates
yielded essentially the same results. Again, needle-like struc-

FIG. 7. �Color online� AFM micrographs of nominally 30 nm C60 on a 3
nm PEN underlayer ��a� and �b�� and on the bare SiO2 substrate �inset of
same scale in �b�� and of 20 nm PEN+C60 on 3 nm PEN covered SiO2

��c�–�f��, where �d�–�f� are close-up scans of representative areas of interest.
Colors correspond to height levels up to: 2 nm in �a� and �b�, 200 nm in �c�

and �d�, and 20 nm in �e� and �f� and to phase values of up to 90° in �d� and
�f�. Areas of interest in the interneedle regions �e�–�f� are labeled with �1�

and �2�.

FIG. 8. �Color online� AFM micrograph of nominally 20 nm thick PEN
+C60 films on a 3 nm PEN underlayer after annealing at 150 °C for 120
min �a� and a zoomed view �b�; colors correspond to height levels of up to
20 nm.
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tures of up to 200 nm were found surrounded by a film of
low elevation exhibiting again the two different morpholo-
gies already found in the film on SiO2; representative micro-
graphs are shown in Fig. 9. However, areas �2� appear to
contain more holes on PEDOT:PSS than in the case of
growth on SiO2 whereas the island density of the round is-
lands was essentially the same. We attribute these small dif-
ferences in morphology to the higher surface roughness of
PEDOT:PSS �RMS�1.2 nm� compared to SiO2 �RMS
�0.2 nm� leading to an increased defect density of the PEN
underlayer.

From all investigated samples elevation histograms of
the AFM micrographs were derived as shown in Fig. 10. The
films of pure C60 on the bare and the PEN precovered sub-
strate did not exhibit characteristic step heights, whereas all
codeposited PEN+C60 films on SiO2 showed pronounced
overlapping peaks. In the case of the PEN+C60 film on the
PEN precovered SiO2 substrate ��=20 nm� we determined
the dominating island height �h� to �11 nm; the same film
on the PEDOT:PSS substrate exhibited a slightly lower value
of h�9 nm. Interestingly, the film of twice the nominal film
thickness on SiO2 only showed an increase of h to �13 nm,

whereas the frequency ratio to the peak at the origin was
reversed thus indicating preferential lateral instead of vertical
growth at increasing �.

VII. VIBRATIONAL SPECTROSCOPY
MEASUREMENTS-FT-IR

From XRD we deduced crystalline growth of PEN in the
thin film polymorph for the codeposited films and our AFM
investigations revealed that C60 islands partly grow enclosed
within a PEN matrix. Since XRD investigations are exclu-
sively sensitive to crystalline portions of a sample, informa-
tion on the structural arrangement of possibly amorphous
PEN portions is inaccessible via XRD. Therefore we per-
formed a FT-IR investigation on the pure and codeposited
films, since FT-IR probes both crystalline and amorphous
sample portions and is additionally sensitive to
polymorphism.15 Two PEN fingerprint ranges are shown in
Fig. 11. The vibrations of the PEN thin film reference sample
��=20 nm� at 729.5 cm−1, 737.5 cm−1, and 903.5 cm−1

can be assigned to the C-H out-of-plane bending modes.63,64

Together with our XRD results we can assign these vibra-
tions to PEN in the thin film phase �additional pronounced
vibrations at 833.0, 954.0, 1296.5, and 1344.0 cm−1�. The
PEN vibrations of the nominally 3 nm thick ��2 monolay-
ers� underlayer for the crystalline C60 film appear at the
same frequencies, except for the two strong C-H out-of-plane
bending modes in Fig. 11, which are shifted by +0.5 cm−1 to
730.0 cm−1 and by +1 cm−1 to 904.5 cm−1 compared to the
PEN reference. This indicates a different molecular arrange-
ment of PEN in the ultrathin film.65

The most pronounced vibrations assigned to C60 were
observed at 1182.5, 1429.0, and 1539.5 cm−1 in all investi-
gated samples; i.e., amorphous and crystalline grown C60
could not be distinguished in FT-IR. In contrast, the two PEN
peaks of the codeposited film �Fig. 11� were found shifted
compared to the PEN reference at 730.0 and 904.0 cm−1, the
full width at half maximum of the two peaks fitted with a
Cauchy function was 3.1 and 3.9 cm−1 for the pure PEN film
and 3.7 and 4.5 cm−1 for the codeposited film. Since in
WHA the crystalline PEN portion in the codeposited film
exhibited comparable crystalline quality and the same struc-

FIG. 9. �Color online� AFM micrographs of a nominally 40 nm thick
PEN+C60 film on a PEDOT:PSS substrate covered with 3 nm PEN under-
layer. Colors correspond to height levels of 30 nm in �a� and �b� and to 200
nm �inset in �a��.

FIG. 10. �Color online� Elevation histograms of AFM micrographs shifted
vertically for clarity. If not explicitly stated differently: SiO2 substrates, �
=20 nm.

FIG. 11. �Color online� FT-IR results of films of PEN ��=20 nm�, C60
��=30 nm� on 3 nm PEN and PEN+C60 ��=40 nm� on 3 nm PEN.
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ture as the pure PEN film, this broadening points to a super-
position of the infrared absorption feature of the crystalline
and amorphous PEN, which cannot be resolved in our FT-IR
experiment. This finding supports our interpretation of the
AFM micrographs of the codeposited films of round C60
islands being embedded into a matrix of amorphous PEN and
crystalline PEN growing in large needle-like islands.

VIII. SUMMARY AND DISCUSSION

Using various complementary experimental techniques,
we derived a comprehensive picture of electronic, structural,
and morphological properties of PEN and C60 heterostruc-
tures. Starting with the experimental finding of OPVCs based
on codeposited PEN+C60 films showing poor performance
compared to layered structures of C60/PEN we systemati-
cally investigated the possible reasons: �i� unfavorable inter-
face energetics, �ii� structural disorder, �iii� lack of phase
separation, and �iv� degree of surface corrugation.

�i� Our UPS results �Fig. 3� prove that PEN prepatterning
of the PEDOT:PSS substrate leads to an identical
HOMO-LUMO level offset between PEN and C60 in
the layered case and in the bulk heterojunction. This
was explained by vacuum level alignment of C60 on
both PEDOT:PSS and PEN, whereas PEN was Fermi-
level pinned on PEDOT:PSS leading to a decreased
substrate work function for C60. Therefore, PEN pre-
covered substrates allow for a more favorable
HOMO-LUMO level offsets for bulk heterojunction
based OPVCs, which is crucial for the exciton disso-
ciation process at the PEN-C60 interface. However,
the finding of identical HOMO-LUMO level offsets in
cases with PEN precoverage cannot explain the ex-
ceedingly different OPVC performance �in Fig. 2�.

�ii� Structural investigations with XRD �Fig. 4� revealed
that PEN precoverage has an ordering effect on C60,
which formed amorphous films on the bare substrates
�SiO2 and PEDOT:PSS�, and crystalline films on the
PEN thin film phase �001� plane with C60 in its hex-
agonal crystal structure growing with the �001� plane
of C60 parallel to the contact. The same was found in
the case of codeposition, where PEN grew �almost
upright standing� �001� textured in the thin film phase
independent of the PEN precoverage and C60 was
crystalline on the PEN precovered substrates only.
From WHA it became clear that the crystalline PEN
portion exhibits a coherence length far larger than the
nominal PEN mass thickness, thus indicating pro-
nounced three-dimensional growth. This is an unex-
pected growth behavior for this specific polymorph,
since the PEN thin film phase morphology on amor-
phous substrates is known to be fairly flat. Via WHA
in defined ex situ heating experiments �Fig. 5� a lower
limit for the annealing temperature not affecting the
PEN microstructure while improving the structural or-
der in the C60 portion of 120 °C was determined and
we demonstrated that annealing up to 150 °C leads to
desorption of PEN.

�iii� We found that the growth behavior of the pure and
codeposited films on PEDOT:PSS �Fig. 6� was very
similar to that on SiO2. The finding of PEN growth in
both the pure and the codeposited films in the same
polymorph is strong evidence for phase separation
with C60. This is further supported by the fact that
C60 itself exhibited crystalline growth in a known
polymorph on PEN.

�iv� AFM investigations revealed a needle-like network of
crystallites with up to 200 nm height �Fig. 7�, which
we assign to PEN due to our XRD finding of the PEN
coherence length exceeding the nominal film thick-
ness. This morphology has not been observed before
for the PEN thin film phase, which usually grows
showing pronounced monomolecular steps of ca. 1.5
nm height that correspond to the �001� lattice spacing.
The remarkably large vertical dimensions of the PEN
crystallites may lead to direct contact to the cathode
forming a leakage path for holes, which could dete-
riorate the performance of the bulk-heterojunction
based OPVCs. The areas between the PEN needles
are covered by two distinguishable morphologies of
meandered lamellae and round islands surrounded by
a smooth matrix. We found evidence for PEN and
C60 nanophase separation through pronounced con-
trast in the AFM phase images. Our assignment was
corroborated by an AFM investigation of the PEN
+C60 on PEN sample annealed at 150° �Fig. 8�, in
which the PEN features in the XRD scans had van-
ished: no needle-like crystallites and no smooth PEN
matrix surrounding the round islands was then ob-
served, while the morphology of the areas attributed
to C60 was not modified through the annealing pro-
cess. In contrast to the smooth C60/PEN films, the
codeposited films with �=20 nm exhibited a pre-
ferred island height of �11 nm deduced from the el-
evation histograms �Fig. 10�; a film of �=40 nm
showed a preferred island height of �13 nm. Note
that this value is in good agreement with the coher-
ence length of the C60 crystallites deduced from the
peak breadth analysis in XRD �17�2 nm� taking
into account that preferred island height values are
measured relatively between areas labeled �1� and �2�

in the micrographs, which both are expected to grow
on doubling the nominal film thickness. The morphol-
ogy of the application relevant films on PEDOT:PSS
�Fig. 9� appeared to be essentially the same compared
to the films grown on the model substrate SiO2.

Our FT-IR investigations �Fig. 11� revealed a shift and a
broadening of the PEN C-H out-of-plane bending modes of
the codeposited film compared to a pure PEN reference,
which we explain by a superposition of features from PEN
portions with different molecular arrangement. Since the
PEN crystalline quality in the PEN+C60 film �Fig. 4� was
comparable to the pure PEN film, we explain this shift by a
superposition of contributions from the needle-like crystal-
lites �thin film phase� and amorphous PEN portions in
nanophase-separated areas.
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These findings provide a comprehensive answer to the
question of why the OPVC based on the codeposited struc-
ture showed poor performance results: �i� The distance be-
tween the needle-like PEN islands is in the length scale of
micrometer and their height exceeds the surrounding C60
areas by more than one order of magnitude. This minimizes
the common interface necessary for an efficient exciton dis-
sociation �cartoon see Fig. 12�. �ii� The areas exhibiting
nanophase separation most probably do not form continuous
PEN paths to the substrate, which is however crucial for the
performance of bulk-heterojunction based OPVCs. �iii� The
PEN underlayer of �=3 nm is too thin to significantly con-
tribute to light harvesting and exciton dissociation at the
PEN/C60 interface, since exciton quenching occurs in
defect-rich ultrathin films.

In this study we demonstrated that a multitechnique view
on the physical properties is crucial for a correct interpreta-
tion of device performance results. We identified morpho-
logical issues to be responsible for poor device performance
of PEN+C60 coevaporated OPVCs. Based on our experi-
mental findings a systematic modification of preparation pa-
rameters and device structure may be feasible: an increase in
the PEN underlayer thickness and a reduction in the PEN
island separation distance, e.g., via a significant increase in
the deposition rate or via substrate cooling could combine
the benefits of the layered and the codeposited structures.
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