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ABSTRACT

We report on a series of organic solar cells based on heterojunctions of oligothiophene derivatives with varying
chain length and C60 fullerenes. Devices are based on either p-i-n or p-i-i structure. In the first the intrinsic
photovoltaic active layer is sandwiched between a p-type and n-type doped organic wide-gap layer for hole and
electron transport respectively. In the latter the electron transport layer is replaced by a thin layer of wide-gap
material as exciton blocker. Through optimization of transport and absorber layers we are able to reach in
devices with single heterojunctions an open circuit voltage Voc of about 1V, a short circuit current density Jsc

of about 5.6mA/cm2 and a fill factor FF above 50% under an AM1.5 illumination with 1000W/m2. However,
still only a small part of the available solar spectrum is used.

Thus, based on these materials stacked solar cells have been made to further improve the light absorption.
The thickness of each layer is optimized using optical simulations to match the currents delivered by each of the
solar cells in the stack. Through the incorporation of a very efficient recombination zone between the stacked
solar cells the resulting Voc nearly reaches the sum of the Voc of the two serially connected solar cells.
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1. INTRODUCTION

Organic solar cells have attracted more and more interest in recent years. The prospects of a low-cost production
of flexible solar cells on the one hand and the intriguing basic physical properties of the used organic materials
on the other hand offer many different starting points for research. First organic solar cells have in the meantime
reached efficiencies and lifetimes being close to the ones required for entering the market.1, 2 Consequently
companies have just started production3 or are preparing to make them commercially available soon4–6 to offer
an inexpensive renewable energy source.

Organic solar cells are currently grouped into two main classes according to their underlying working principle:
dye sensitized solar cells (DSSC)7 and heterojunction solar cells (HJC).8, 9 Within the group of HJCs one typically
differentiates further depending on the production process: solution processing or evaporation of the organic
materials. Standard materials for solution processing are currently polythiophenes in combination with fullerene
derivatives. The most commonly used materials for photovoltaic heterojunctions based on small molecules are
metal phthalocyanines as electron donor and C60 as acceptor. This article focusses on solar cells made with the
latter production process.

In this paper we report on a series of organic solar cells based on heterojunctions of recently developed
oligothiophene derivatives with varying backbone length and C60 fullerenes. The series of oligothiophenes offer
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Figure 1. A schematics of the ideal p-i-n structure (a) and corresponding energy diagram (b) for organic solar cells. The
photovoltaic active instrinsic layer (i) is sandwiched between p-doped and n-doped wide gap transport materials. It can be
either a blend of donor and acceptor as bulk heterojunction or a two layer system as shown in (b) as planar heterojunction.

both an excellent access for the investigation of the basic physical processes in organic solar cells10 and the
production of efficient solar cells.11

2. EXPERIMENTAL

The devices are based on either p-i-n or p-i-i structure12 and a schematic stack structure and energy diagram of
a p-i-n solar cell is shown in figure 1. The intrinsic photovoltaic active layer is sandwiched between transparent
transport layers which are doped with molecular dopants as p- and n-type. To simplify the device structure, it
is possible to replace the n-doped layer with a thin wide-gap exciton blocker.

The p-i-n structure has several electrical and optical advantages. Due to the doping of the transport layers,
typically the contact between transport layer and electrode is ohmic.13 The transport layer further can act
as semipermeable mebrane, i.e. it only permits the transport of one charge carrier species and thus blocks
opposite charge carriers and reflect excitons. Doped transport layers can reach conductivities above 10−6 S/cm,
high enough such that ohmic losses over 100nm are negligible.13 If the transport layers furthermore do not
significantly absorb in the sun spectrum, variations in their thickness can be used for optical optimisation of the
solar cell stack.14 The photovoltaic absorber can subsequently be optimally positioned in the stack with respect
to the absorption in the optical interference pattern forming due to the reflecting back contact. In the p-i-i
structure the possibilities to tune the position of the optical interference pattern are reduced, because only thin
layer can be used between absorber and electron contact. Yet it is often done to simplify the device structure.
The general advantages of these device structures are explained in more detail in Ref.12

The chemical structures of the molecules used in this paper are shown in figure 2. The photovoltaic active
layer consists of a recently developed class of oligothiophenes and the well known fullerene C60 (Kurtschatov
Institute, Moscow). The promising oligothiophenes α,α′-bis-(2,2-dicyanovinyl)-quinquethiophene (DVC5T) with
butyl side chains and α,α′-bis-(2,2-dicyanovinyl)-sexithiophene (DCV6T) with ethyl side chains, were used as
electron donor.

N,N’-diphenyl-N,N’-bis(4’-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-yl)-benzidine (Di-NPB), 4,4’-bis-(N,N-di-
phenylamino)-quaterphenyl (4P-TPD), 4,4’,4“-tris(1-naphthylphenylamino)-triphenylamine (TNATA) and N,N’-
diphenyl-N,N’-bis(1-naphthyl)-1-1’biphenyl-4,4”diamine (NPD) were used as hole transport material (HTM, all
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Figure 2. The chemical structure of the used materials. The absorber materials were α,α′-bis-(2,2-
dicyanovinyl)-quinquethiophene (DVC5T) with butyl side chain, α,α′-bis-(2,2-dicyanovinyl)-sexithiophene (DCV6T)
with ethyl side chains and the fullerene C60. N,N’-diphenyl-N,N’-bis(4’-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-
yl)-benzidine (Di-NPB), 4,4’-bis-(N,N-diphenylamino)-quaterphenyl (4P-TPD), N,N’-diphenyl-N,N’-bis(1-naphthyl)-1-
1’biphenyl-4,4”diamine (NPD) and 4,4’,4“-tris(1-naphthylphenylamino)-triphenylamine (TNATA) were used as hole trans-
port materials. 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethan (F4 -TCNQ) and acridine orange base (AOB) are
often used as p-type and n-type dopant. 4,7-diphenyl-1,10-phenanthroline (BPhen) is used as exciton blocker.

by Sensient, Wolfen). For the n-side, either C60 was n-doped as eletron transport material or a thin layer of
4,7-diphenyl-1,10-phenanthroline (BPhen) was deposited as exciton blocker.

The p-dopants NDP-2 and NDP-9 from Novaled AG, Dresden were used due to practical reasons instead
of the nearly equivalent 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethan (F4 -TCNQ). C60 was doped using
acridine orange base (AOB).

Due to their favourable values for highest occupied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO) the oligothiophenes are suitable absorber materials in combination with C60.15 The HOMO
of DVC5T was determined from UPS measurements as -(5.6±0.1)eV and the LUMO from CV measurement to
be -3.58eV. For DCV6T we estimate a HOMO of -5.5eV and determined the LUMO with CV to -3.44eV.

2.1 Device Production and Characterisation

Indium-Tin-Oxide (ITO)-coated glass (Thin Film Devices Inc. ≤ 30Ω/�), which had been structured by wet
chemical process steps, was used as substrate. Substrates were cleaned in a series of organic solvents. Subse-
quently they were transfered into a N2-filled glovebox (H2O≤2ppm and O2 ≤1ppm) and from there into the
UHV system in which all further processing steps were carried out. The organic layers and the metal cathode
were deposited by thermal evaporation (pbase ≤ 10−6mbar) with rates of 0.1-0.4 and 10-15 Å/s respectively
without breaking the vacuum. Doped transport layers were obtained through co-evaporation of the materials.
Deposition rates were controlled with independent quartz crystal oscillators. After the deposition of the cath-
ode, the substrates were transferred back into the glovebox. C60, the transport materials, AOB and BPhen were
puried at least twice by vacuum gradient sublimation before use. DCV6T was purified once and DCV5T and
the p-dopants were used as received.
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Each substrate contains four individual solar cells, the active area of which is definded by the overlap between
ITO and Al. The solar cells had an average photovoltaic active area of 6-7mm2. IV-characteristics of the solar
cells were recorded in the glovebox using a Keithley Source Measure Unit (SMU236). Illumination was provided
by a sun simulator SOL 1200 (Hoenle AG). Its intensity was controlled with a calibrated Si reference cell
(Fraunhofer Institute for Solar Energy Systems, Freiburg). Intensity fluctuations of the sun simulator during
IV-measurements were controlled using a photodiode.

The external quantum efficiency (EQE) was recorded using a home made setup. Using the EQE spectra of the
solar cells the short circuit current density Jsc was corrected when calculating the device efficiency. Changes in
open circuit voltage Voc and fill factor FF due to the differences between real intensities and standard reporting
conditions were not corrected.

To determine the absorption of the absorber materials pristine layers were evaporated on quartz glass sub-
strates. The absorption of the thin film was subsequently measured in transmission with an UV-3100/MPC-3100
spectrometer (Shimadzu).

2.2 Optical Simulations

The used optical simulations are based on the transfer matrix algorithm. Refractive index n and absorption
index k which serve as basis for the calculations were obtained from either fitting transmission and reflection
data16 or using ellipsometry. The calculations yield information on e.g. the distribution of optical field or photon
absorption within the solar cell. With an absorber layer thickness of only a few ten nanometre the device stack is
very sensitive to the stack design and the thicknesses of each layer needs to be chosen carefully. The simulations
are used as basis for the stack design, especially for the development of stacked solar cell with a large number of
layers.

3. RESULTS AND DISCUSSION

Based on the two oligothiophene derivates, solar cells were made and compared. The structure of the investigated
devices with the thickness in nanometres and doping in weight percent given in brackets is:

A: ITO / Au (1) / p-4P-TPD (10, 19wt%) / 4P-TPD (5) / DCV5T (12.3) / C60 (52) / BPhen (6) / Al (100)

B: ITO / Au (1) / p-Di-NPB (20, 6wt%) / Di-NPB (5) / DCV6T (10) / C60 (50) / BPhen (6) / Al (100)

The thin layer of Au on the ITO established a good ohmic contact between ITO and the HTM. Due to different
values for the HOMO levels, 4P-TPD (-5.6eV) and Di-NPB (-5.4eV) were used as transport layer and p-doped
with NDP-9 and NDP-2 respectively. An undoped interlayer of 4P-TPD and Di-NPB was inserted between
transport and the absorber layer to reduce exciton quenching at dopant molecules.17 The photovoltaic active
layer was realised as planar heterojunction at which the exciton separation takes place. The depostion of Al on
BPhen is said to create defect states via which the electrons are transported.18

In figure 3 the absorption of the absorber materials as well as the EQE of both devices A and B is shown.
The oligothiophene derivative have nearly the same absorption spectrum. With increasing chain length of the
oligothiophenes, the absorption is is only slightly red-shifted.19 The absorption maximum in the case of DCV5T
is at 577nm, the absorption maximum of DCV6T at 580nm. The second peak in their absorption spectrum at
around 400nm is more pronounced in DCV5T than in DCV6T, where it is only a shoulder.

According to the EQE spectra the whole spectral region between 350nm and 650nm contributes to the
current. In the spectral region between 350nm and 500nm mostly charge carriers produced in C60 contribute to
the current density. This is attributed to the high thickness of the C60 layer which covers the optical interference
maximum of this wavelength. At higher wavelength (500-650nm) the current is produced by absorption in the
oligothiophene. By comparison of the EQE spectra of both cells higher quantum efficiencies are observed for
DCV5T than for DCV6T. This is not only caused by the thicker DCV5T layer in device A, but could also be
affected by differences in material purity.

The corresponding current-voltage characterstics are shown in figure 4. Using the oligothiophene derivatives
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Figure 3. Absorption Spectra of the pristine absorber materials C60 (dotted line), DCV5T and DCV6T (both dash-
dotted lines) in thin films and EQE spectra (solid line) of device A (left) and B (right) with a planar heterojunction of
DCV5T/C60 (left) and DCV6T/C60 (right) respectively.

Figure 4. The current voltage characterstics of device A (a) and B (b) in the dark and under illumination. Jsc given in
the inset were corrected to the AM 1.5 sun spectrum by integrating the external quantum efficiency spectrum (Figure 3)
with the AM1.5g spectrum. The calculation of the efficieny refers to the correct short circuit current density.
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Figure 5. The structure (left) and the IV-characteristics (right) of the tandem solar cell C. It consists of of a p-i-n bottom
and a p-i-i top cell, in which the absorber are realised as planar heterojunctions of DCV5T/C60. The current density was
corrected using the same spectral mismatch according to the device A.

as photovoltaic electron donor, it is possible to reach in both cases very high Voc of 1V and 0.9V for DCV5T
and DCV6T respectively. The difference is due to the different HOMOs of the oligothiophene in combination
with C60 as electron acceptor. Using HTMs with higher HOMOs or reducing the doping ratio leads to energetic
barriers in the charge extraction and an associated S-shape in the IV characteristics.11 In the presented solar
cells the charge transport is sufficiently good as it is proven by the lack of the S-shape and the high FF .

3.1 Tandem Solar Cells

Tandem solar cells are realised by stacking two single solar cells on top of each other and connecting both in
series through a recombination contact.12 In figure 5a such a tandem solar cell which comprises two planar
heterojunctions of DCV5T/C60 is shown. The stack structure has been chosen such that the two solar cells
are positioned in two different maxima of the optical interference pattern. The layer sequence with the layer
thickness given in nanometres and doping in weight percent given in brackets is:

C: ITO / Au (1) / p-doped TNATA(30, 3wt%) / p-doped NPD(10, 11wt%) / NDP-2 (0.5) / DCV5T-Bu
(12.3) / C60 (52) / n-doped C60 (13, 1.4wt%) / Au(1) / p-doped TNATA(130, 3%) / p-doped NPD(10,
11wt%) / NDP-2(0.5) / DCV5T-Bu (8.6) / C60 (52) / BPhen (6) / Al (100)

The bottom solar cell is realised in p-i-n structure using n-doped C60 as electron transport material, the top
solar cell again in p-i-i structure. The recombination contact is established through the incorporation of Au
clusters between the n-doped C60 and p-doped TNATA. NDP-2 was used as dopant here.

Even though both solar cells cover the same spectral region, good results have been obtained. An open
circuit voltage of 1.91V, a current density of approx. 2.32 mA/cm2 and a fill factor of 55.3%, leading to a power
efficiency of approx. 2.5%. A saturation factor as the relation between the current density at -1V to Jsc is
observed to be 1.1. The good FF and the low saturation factor show that the recombination contact is working
efficiently. However, the current of the tandem device is less then in the single solar cell due to the differences
in positions in the optical interference pattern and to the same spectral absorption region of the two single
solar cells. The smallest current limits the solar cell and current matching is not sufficient. The efficiencies was
estimated using the mismatch from the single solar cell, being aware of the fact that this is only a very crude
assumption. However, so far we have not been able to reliably measure the EQE of organic tandem solar cells.
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The presented tandem device is a proof of principle to see whether it is possible to stack solar cells with
very high open circuit voltages and still obtain nearly the sum of Voc of both solar cells. The shown efficient
recombination contact is the key to efficiently stack solar cells. Given that, the next main step is to use different
absorber materials with different spectral sensitivities in the single solar cells. Further progress is expected when
materials absorbing in complimentary spectral regions will be used.

4. CONCLUSION

We have shown results for solar cells using oligothiophene derivatives in combination with C60 as photovoltaic
active heterojunction. Devices made with this material combination reach very high open circuit voltage of
above 0.9V and fill factors above 50%. Their efficiency is up to approx. 3.1% and is currently limited by their
photocurrent in the order of 5-6mA/cm2. The DCVnTs are one of the first new small molecule absorbers with
efficiencies comparable or even exceeding the ones of the reference material combination of metal-phthalocyanines
and C60.

One of the big advantages of evaporated solar cells is the simple realisation of many stacked layers, e.g. for
tandem solar cells. Such a device has been realised with two stacked solar cells, each with a planar heterojunction
of DCV5T/C60. Through a very efficient recombination zone between in a tandem device the resulting Voc nearly
reaches the sum of the Voc of the two serially connected solar cells, i.e. 1.9V. Further optimisation of the stack
design to maximise the current of the complete cell will further improve the solar cells.
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