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We investigate the end-capped oligothiophene derivative � ,�-bis-�dicyanovinylene�-sexithiophene
with ethyl side chains �DCV6T� as donor material in heterojunctions with C60. The effect of the
substrate temperature on the morphology and related photophysical properties of single DCV6T and
mixed DCV6T:C60 layers is investigated. Single layers of DCV6T show crystalline features in
UV-visible absorption and x-ray diffraction when grown on a substrate heated to 90 °C.
Investigations of DCV6T:C60 mixed layers by atomic force microscopy, UV-visible absorption, and
photoluminescence measurements reveal that the elevated substrate temperature induces an
increased phase separation between the two materials with larger domain size and higher surface
roughness. Based on these observations, we present mixed heterojunction solar cells where the
power conversion efficiency ��PCE� is increased from 1.6% to 3.8% by increasing the substrate
temperature from 30 to 90 °C, respectively. © 2010 American Institute of Physics.
�doi:10.1063/1.3271407�

I. INTRODUCTION

Currently, organic solar cells are generating increasing
interest for future power generation based on their potential
low cost, ease of processing, and compatibility to flexible
substrates. In 1986, Tang introduced the concept of a donor-
acceptor �D-A� heterojunction �HJ�, which is crucial for an
efficient separation of the excitons that are created by photon
absorption in an organic layer.1 Since then the power conver-
sion efficiencies �PCEs� of organic photovoltaic cells have
been steadily increasing and are now reaching above 6%.2–4

There are different concepts of realizing a D-A HJ. It can
either be achieved by a planar structure, as it was the case in
Tang’s solar cell, or it can be made in the form of an inter-
penetrating network or a so-called bulk or mixed HJ.5–8 Re-
cently, also combinations of both concepts, where the mixed
layer is sandwiched between planar layers of donor and ac-
ceptor were investigated.9,10 The major challenge in the op-
timization of these HJs is to achieve an efficient collection of
excitons that are separated at the D-A interface and at the
same time provide efficient transport of the created charges.
Furthermore, a high absorption is desirable, which means
that the layer should be sufficiently thick to absorb all the
incoming light. All these efficiencies put together form the
external quantum efficiency �EQE� given by

EQE = �a · �ed · �ct · �cc, �1�

where �a is the efficiency of absorption, �ed is the efficiency
of exciton diffusion to an dissociating D-A interface, �ct is
the probability that the excitons are dissociated into free

charge carriers, and �cc is the efficiency of charge transport
to the contacts. In planar HJ, only excitons that are created
within the distance of the exciton diffusion length �Ld� from
the D-A interface can be separated. Since Ld is typically as
low as 5–30 nm,7,11–15 planar HJs are limited by �ed, and
therefore it is difficult to reach optimized efficiencies. Mixed
HJs, on the other hand, are more promising because in a
mixed layer of donor and acceptor the distance to a dissoci-
ating interface can be only a few nanometers, which ensures
that nearly every exciton gets separated into charges within
its lifetime. Nevertheless, a perfect homogeneous mixing is
not wanted because this impedes the charge transport. To
achieve efficient charge transport from the mixed HJ layer to
the contacts, a phase separation between donor and acceptor
is needed to form percolation paths. It is mainly this trade-off
between large and small phase separation that makes control
of the nanoscale morphology of the mixed HJ a crucial pre-
requisite for the optimization of the solar cell. In polymer
solar cells, a large number of studies have addressed the
characterization and control of the morphology. Especially,
the use of thermal and solvent annealing as well as different
composition ratios and solvents turned out to significantly
improve the solar cell performance by achieving HJ with
higher crystallinity of the donor as well as a better phase
separation.16–21 In small molecular solar cells, the morphol-
ogy can also be affected by means of current treatment or
enhanced substrate temperature during film deposition.22,23

For zinc phthalocyanine:C60 HJ solar cells, performance
improvements with efficiencies of up to 2.56% were
reported.24 Here, we show that even higher efficiencies can
be observed by applying substrate heating to a � ,�-bis-
�dicyanovinylene�-sexithiophene �DCV6T�:C60 HJ solar
cell.
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Oligothiophene derivatives comprising dicyanovinyl end
groups are characterized by their low bandgap absorption
and high ionization potential �IP�. Efficient exciton dissocia-
tion in HJs to C60 was reported by Schueppel et al.25 and
solar cells based on these materials reach efficiencies of up to
3.4% with an open circuit voltage of up to 1 V.26

The chemical structure of DCV6T that is introduced
here is similar to that of the previously discussed
DCV6T-Bu�2,2,5,5�,10 except for the length of the alkyl side
chains �Fig. 1�. The absorption spectra of DCV6T in solution
and in thin film are presented in Fig. 2. The featureless ab-
sorption band of the dissolved DCV6T with maximum at
512 nm indicates rotational freedom of the thiophene rings in
the ground state. In contrast, the thin film absorption band is
broadened and shifted to lower energies. The modified spec-
tral features of the film are generally explained by planariza-
tion of the thiophene rings in the solid state.27 The IP of
DCV6T determined by ultraviolet photon spectroscopy
�UPS� is 5.5 eV, thus making it an appropriate match to C60
in D-A HJs for achieving high photovoltages.

In this work, we show how the morphology of single
DCV6T and mixed DCV6T:C60 layers can be controlled by
the substrate temperature during the layer deposition. Based
on these results, solar cells with enhanced efficiencies are
presented and the correlations between morphology change
and solar cell performance are discussed.

II. EXPERIMENTAL

All samples were produced by thermal evaporation in
vacuum at a base pressure of 10−8 mbar. Layer thicknesses

were determined using a quartz crystal monitor that was cali-
brated before by placing a second crystal at the position of
the sample. As substrates quartz glass, indium tin oxide
�ITO�-covered glass �Thin Film Devices, Inc., sheet resis-
tance of 30 � /sq�, and Si wafers were used. The substrates
were cleaned using aqueous detergent, acetone, ethanol, and
isopropanol in ultrasonic bath. For determining the absorp-
tion spectra of the single DCV6T thin films grown at differ-
ent substrate temperatures, quartz substrates were precovered
with a 15 nm thick organic layer of N ,N�-diphenyl-N ,N�-bis
�4�-�N ,N-bis �naphth-1-yl�-amino�-biphenyl-4-yl�-benzidine
�Di-NPB, Sensient�. DCV6T was then deposited at the cho-
sen substrate temperature with a thickness of 20 nm. The
absorption of the samples in the UV-visible spectral range
was measured in transmission mode using a two-beam spec-
trometer UV 3100 �Shimadzu Corporation�. X-ray diffraction
�XRD� analysis was carried out on single DCV6T layers
grown on Si wafers at substrate temperatures of 30 and
90 °C. The nominal thicknesses of the films were 64 and
71 nm, respectively. The measurements were performed with
a X’Pert PRO diffractometer �Philips� in Bragg–Brentano
�-2� geometry using Cu K� beam with a wavelength of
1.54 Å. For the investigation of the morphology of
DCV6T:C60 mixed layers, ITO-covered glass substrates
were used. First, a 15 nm thick organic underlayer of C60
was deposited to resemble the solar cell stack. Then, the
mixed DCV6T:C60 layers with a thickness of 20 nm at a
ratio of 2:1 �by volume� were deposited at substrate tempera-
tures of 30 and 90 °C. Again, the absorption �optical density�
of these samples was measured as described above. Further-
more, steady-state photoluminescence �PL� emission spectra
were recorded with a luminescence spectrometer FluoroMax
�Spex�. The same samples were also used for measuring the
surface topology by atomic force microscopy �AFM� using a
Digital Instrument Nanoscope IIIa in tapping mode. Finally,
solar cells with the following layer structure �thickness is
given in nanometers� were produced: ITO /n-C60 �30�/
C60�15�/DCV6T:C60 �20�/BPAPF�5�/p-BPAPF�30�/p-
ZnPc�10�/Au �50�. In device A, the substrate was not heated,
which corresponds to a substrate temperature of 30 °C. In
device B, the substrate was heated to a temperature of 90 °C
during the deposition of the DCV6T:C60 mixed layer. The
mixing ratio of the DCV6T:C60 HJ is 2:1 by volume. For the
hole transport layer �HTL� 9,9-bis�4-�N ,N-bis-biphenyl-4-
yl-amino�phenyl�-9H-fluorene �BPAPF, Lumtec� was used
because this material provides a high IP of 5.6 eV �deter-
mined by UPS� and is therefore well matched to the IP of
DCV6T. This is important to avoid transport barriers be-
tween the HTL and the donor.10,26,28 For doping of C60, the
n-dopant NDN1 from Novaled AG �Dresden, Germany� was
used with a ratio of 3 wt % �weight percent�. BPAPF and
zinc phthalocyanine �ZnPc� were doped with the p-dopant
NDP9 from the same company and ratios of 10 and 3 wt %,
respectively. In all cases the conductivity of the doped layers
was above 10−6 S cm−1 at room temperature, allowing to ne-
glect the voltage drop across these layers. The materials were
cleaned at least twice before use by thermal gradient subli-
mation except for DCV6T �Heliatek GmbH, Dresden, Ger-
many�, and the dopants that were used as received.
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FIG. 1. Chemical structure of the donor absorber material
DCV6T-Eth�2,2,5,5�.

FIG. 2. �Color online� Normalized absorption and photoluminescence spec-
tra of DCV6T dissolved in dichloromethane and of a 30 nm thin film on
quartz substrate.
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The current-voltage �J-V� characteristics were recorded
with a source measure unit 236 SMU �Keithley� under a sun
simulator SC-1200 �Steuernagel� that was tuned to mismatch
corrected light intensity, determined by an outdoor reference
cell �Fraunhofer Institute for Solar Energy Systems,
Freiburg, Germany�. The active area of the solar cells is
6.3�0.2 mm2 and was proven by measuring with an aper-
ture mask. For the EQE measurement, a homemade setup
based on a xenon arc lamp, a monochromator �Cornerstone
260�, and a lock-in amplifier �Signal Recovery SR 7265� was
used. The setup was calibrated with a reference diode
�Hamamatsu S1337�. Absorption spectra of the solar cells
were measured in reflection geometry in a two-beam spec-
trometer UV 3100 �Shimadzu Corporation� using a pinhole
mask with an area of 4.5 mm2.

III. RESULTS AND DISCUSSION

A. Morphology of single DCV6T and mixed
DCV6T:C60 layers

Figure 3 illustrates the evolution of the absorption spec-
tra of DCV6T single layers grown on substrates kept at vari-
ous temperatures on top of Di-NPB. Di-NPB is used as a
hole transporting material in organic solar cells and has a
characteristic absorption peak at 377 nm. It is known to grow
flat amorphous films, thus providing a smooth organic under-
layer for the growth of DCV6T. The samples deposited at
elevated substrate temperatures show increased absorption at
longer wavelengths. The peak position of the absorption
band is redshifted, and at higher substrate temperatures, the
shoulder at 630 nm grows to a pronounced peak. The PL
emission spectra of the samples on heated substrates �not
presented here� show maxima shifted to higher energies
compared to the 30 °C sample. The fine structure in the ab-
sorption band of DCV6T grown on heated substrate re-
sembles the solid state absorption features of the regioregular
poly�3-alkylthiophene�.29 For poly�3-hexylthiophene�
�P3HT�, the lowest energy feature in the absorption spectrum
is attributed to interchain aggregation of the polymer and its

intensity is thus a characteristic for the degree of order of the
polymer film.30 Accordingly, we assume that the alterations
in the absorption spectra of the DCV6T samples are due to
an amorphous to crystalline transformation of the film struc-
ture upon condensation on the heated substrate.

XRD patterns of DCV6T films deposited at 30 and
90 °C on Si wafers are depicted in Fig. 4. The 30 °C sample
displays only a weak and broad feature, which implies a
rather amorphous structure. In contrast, the XRD pattern of
the 90 °C sample shows two well resolved peaks. The first
peak is positioned at 2�=10.4° and corresponds to an inter-
plane distance of 8.5 Å. The diffraction peak at larger angles
is much broader and less intense, its position indicates that it
is a second order reflection of the same plane. The diffraction
pattern thus confirms the crystalline nature of the DCV6T
film grown on the 90 °C substrate. The exact crystal struc-
ture, however, is not yet resolved.

The presented results demonstrate that deposition at el-
evated substrate temperatures results in improved crystallin-
ity of the single DCV6T layers revealed in more ordered film
structure and increased absorption in the red spectral region.
Consequently, substrate heating during film growth can be
used further to modify the bulk morphology of the
DCV6T:C60 mixed layers.

Figure 5 shows the absorption and PL emission spectra
of mixed DCV6T:C60 layers grown on substrates at 30 and
90 °C on top of C60. The absorption peak at 352 nm origi-
nates from C60, while DCV6T has its main absorption band
between 500 and 700 nm. In the 400–500 nm region both
materials contribute to the absorption. In contrast to the ab-
sorption of the mixed layer deposited at 30 °C, the absorp-
tion of the 90 °C sample is larger and shifted to longer
wavelengths. However, both samples show blueshifted ab-
sorption maxima compared to the peak position of the single
DCV6T film. Additionally, the heated sample is character-
ized by a structured band with a shoulder at about 620 nm.
The corresponding PL spectra �Fig. 5� also show significant
differences. The luminescence of the 30 °C sample is almost
fully quenched, indicating an efficient exciton dissociation.
In contrast, the film grown on substrate at elevated tempera-
ture shows a luminescence with peak intensity at 752 nm.
Compared to a neat DCV6T layer �Fig. 2�, the peak position

FIG. 3. �Color online� Absorption spectra of DCV6T single layers �20 nm�
deposited at various substrate temperatures on top of 15 nm Di-NPB on
quartz substrates.

FIG. 4. �Color online� XRD patterns of DCV6T single layers deposited at
substrate temperatures of 30 and 90 °C on Si �100� wafers.
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is shifted to the blue. The luminescence intensity, however, is
much lower. We attribute the more than tenfold gain in the
luminescence signal of the 90 °C sample to an increased
degree of phase separation in the mixed layer. A fraction of
the excitons generated in the larger DCV6T domains are not
able to reach the C60 interface, thus leading to less efficient
quenching of the DCV6T luminescence. In general, the in-
creased radiative recombination of excitons reduces the effi-
ciency of exciton diffusion �ed and thereby the EQE �Eq.
�1��.

AFM images of the mixed layer surface are presented in
Fig. 6. The micrograph of the 30 °C sample reveals a smooth
surface with uniform features, which suggest an amorphous
mixed phase. In contrast, the 90 °C sample is characterized
by structures of increased size comprising grains and larger
clusters. The root mean square roughness deduced for the
90 °C sample is thus correspondingly larger: 2.75 nm versus
0.54 nm for the 30 °C sample. Compared to the 30 °C
sample the vertical scale bar of the heated layer is increased
by more than 18 nm.

The depicted similarities between the optical response of
the mixed DCV6T:C60 and the single DCV6T films grown
on heated substrates �cf. Fig. 3� imply that the DCV6T mol-
ecules in the mixed layer have an arrangement closer to that
of the molecules in the single layer. The heating of the sub-
strate during deposition leads to higher surface mobility of
DCV6T, resulting in improved organization evident by the

structured, redshifted, and increased absorption. The alter-
ation in surface morphology indicates that the degree of in-
termixing of both components in the blend layer is reduced.
The extended phase separation is proven by the enhanced
luminescence from the DCV6T domains. The improved
structural order and larger domain size should be favorable
for the transport of the charge carriers generated. However,
some excitons seem to be lost due to recombination in the
large DCV6T domains.

B. Bulk heterojunction DCV6T:C60 organic solar cells

Figure 7 shows the J-V characteristics of devices A and
B. The mixed layer in device A was grown at a substrate
temperature of 30 °C, whereas in device B, it was grown at
a substrate temperature of 90 °C. The EQE used to correct
the J-V measurements for the spectral mismatch are depicted
in Fig. 8. The resulting solar cell parameters for device A
are Voc=0.86 V, jsc=4.2 mA cm−2, FF=43.7%, and �PCE

=1.6%. Device B exhibits enhanced performance with Voc

=0.90 V, jsc=6.5 mA cm−2, FF=64.0%, and �PCE=3.8%. Jsc

FIG. 5. �Color online� Absorption and PL emission spectra of DCV6T:C60
mixed layers �2:1, 20 nm� grown at substrate temperatures of 30 and 90 °C
on top of 15 nm C60/ITO.

FIG. 6. �Color online� AFM images of DCV6T:C60 mixed layers �2:1,
20 nm� deposited at substrate temperatures of �a� 30 °C and �b� 90 °C on
top of 15 nm C60/ITO �scanned area of 2�2 	m2�.

FIG. 7. �Color online� J-V characteristics of DCV6T:C60 mixed HJ solar
cells. The substrate temperature during mixed layer growth was 30 °C for
device A, while it was 90 °C for device B. Measurements were done with
intensity corrected for the mismatch. The area of the solar cells is
6.3�0.2 mm2 determined by measuring with an aperture mask.

FIG. 8. �Color online� EQE and absorption of DCV6T:C60 mixed HJ solar
cells. In device A, the substrate temperature during mixed layer growth was
30 °C, while it was 90 °C for device B.
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and FF show a strong increase, while Voc stays nearly con-
stant. Accordingly, �PCE is significantly increased by using
the elevated substrate temperature of 90 °C in device B. In
Fig. 8, the total absorption spectra of the devices are shown.
Both curves show nearly equal values of about 70% absorp-
tion from 350 to 550 nm. From 550 to 700 nm, device B ex-
hibits an absorption that is only 1%–4% higher than the ab-
sorption of device A. This increase in absorption reproduces
the observation of increased absorption in single and mixed
layers when using substrate heating. Nevertheless, the effect
is very small compared to what was measured there. We
attribute this to the effects of thin film optics. Although the
increased absorption gives rise to an increase in the photo-
current, it only corresponds to a maximum current increase
of 0.2 mA cm−2. That means that the large increase in current
from device A to B is not primarily caused by increased
absorption, but can only be explained by an increased inter-
nal quantum efficiency �IQE�. Based on Eq. �1�, the IQE can
be written as

IQE = �ed�ct�cc =
EQE

�a
. �2�

Using the measured values for EQE and absorption, we cal-
culate that the maximum IQE of device A is 50%, while it is
80% for device B. These values do not take into account the
parasitic losses in the nonactive layers that are, however,
similar in both devices. The main reason for the increase in
the IQE by using the substrate heating is attributed to the
change in morphology, providing better phase separation in
the mixed HJ. As described above, this increases the domain
size of DCV6T and C60 phases and therefore provides more
continuous pathways for charge transport. Therefore, the
charge collection efficiency is enhanced. This enhancement
is also apparent in the development of the slope of the J-V
characteristics in the negative bias direction, which is calcu-
lated by

s =
J�− 1 V�

Jsc
. �3�

This parameter measures the electric-field dependency of
the photocurrent, indicating the field dependency of the IQE.
It is significantly decreased from s=1.56 in device A to s
=1.09 in device B, meaning that in device A a higher electric
field is required to drive the same photocurrent. This explains
the gain in jsc as well as in FF. Another indication for the
presence of more continuous pathways for charge transport is
the decrease in series resistance from 7.4 � cm2 in device A
to 4.4 � cm2 in device B, which also has a positive effect on
the FF. All these parameters show that the electrical perfor-
mance of the mixed DCV6T:C60 HJ is enhanced when using
substrate heating. On the other hand, the above presented PL
measurements show that more excitons are lost due to the
larger domain size. Nevertheless, the solar cells exhibit a
clear increase in jsc, which means that the benefit of in-
creased charge collection efficiency ��cc� is much larger than
the loss in exciton diffusion efficiency ��ed�. Similar obser-
vations of performance increase through morphology control
are reported for polymer-based P3HT:PCBM mixed HJs so-

lar cells upon thermal and solvent annealing.17–21 We are
dealing here with oligothiophenes and therefore are using a
different deposition technique. Nevertheless, we consider our
results to be related to the same effects as described in those
publications. To study whether the achieved morphology is
stable, the solar cells were stored for 360 h under nitrogen
atmosphere and then measured again. No degradation is ob-
served, which shows that there is no further phase separation
after the preparation of the solar cells.

IV. CONCLUSIONS

We have shown that the morphology of the single
DCV6T and mixed DCV6T:C60 layers can be influenced by
substrate temperature during the deposition. For the studied
substrate temperature interval �30–100 °C�, the absorption
of single DCV6T films becomes structured and is shifted to
lower energies with increasing substrate temperature. XRD
measurements clearly show a crystalline feature for the
single layer grown at heated substrate, which is not present
in the sample grown without substrate heating at 30 °C.
These results suggest an amorphous to crystalline transition
of the film structure upon condensation of the DCV6T mol-
ecules on the heated substrates.

In mixed layers of DCV6T:C60, an increased absorption
as well as a higher PL signal of DCV6T is observed when a
substrate temperature of 90 °C is used. AFM investigations
reveal increased structural size and surface roughness for the
heated sample. This indicates an improved demixing be-
tween the DCV6T and C60 phases during the mixed layer
deposition resulting in favorable phase separation and larger
clusters of the respective materials.

The presented solar cells show that the changed mor-
phology achieved by substrate heating improves the solar
cell performance. With substrate heating the PCE was raised
from 1.6% to 3.8%. This is mainly a consequence of im-
proved charge collection in the mixed HJ, resulting in im-
proved jsc as well as FF. In analogy to the experience from
polymer solar cells, where control of morphology is one of
the key issues of many research efforts, we show that also
small molecule solar cells can benefit from morphology con-
trol of the mixed HJ layer.
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