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Abstract

We have used optical modeling to calculate whether optical absorption and corresponding current densities in solar cells consisting of
PF10TBT:PCBM (1:4) can be enhanced, either in single junctions by applying optical spacers or by going to a tandem structure. The current
densities are calculated from the optical absorption using experimentally determined IQE values. When an optical spacer is used, the thickness of
the transparent electron transport layer (ETL) and hole transport layer (HTL) is very important. The absorption, and thus current density, in a
single junction solar cell could be enhanced by 10% by reducing the HTL (PEDOT) thickness and by inserting a thin ETL (30 nm ZnO). The
current density in a tandem consisting of two PF10TBT:PCBM blend layers is strongly dependent on the thickness of these blend layers. An
increase of 20% is possible for a layer combination of 150 nm and 250 nm, combined with appropriate ETL and HTL layer thicknesses, and

assuming no further losses.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Organic and polymer based solar cells have been studied
intensively [1,2], as their production costs are expected to be
significantly lower than for conventional silicon based solar cells.
However, two main hurdles that have to be overcome are the
relatively low efficiency and stability of polymer based solar cells.
An efficiency of a polymer solar cell consisting of a blend of a
light absorbing electron donating polymer and [C60]PCBM
electron acceptor well above 2% was first reported in 2001 [3],
and the highest independently verified value reported to date is
4.8% [4], although recently values of 5.5% have been reported [5].

The most intensively studied combination of materials is the
polymer material P3HT mixed with [C60]PCBM, for which
device efficiencies between 4—5% have been reported [6,7].
These P3HT:PCBM solar cells have a V. value around 0.6 V,
and a current density between 10-12 mA/cm?® [2,4]. The
polyfluorene polymer PF10TBT has the same optical bandgap as
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P3HT (around 2 eV) and the optical absorption of P3HT and
PF10TBT are thus expected to be similar. However, devices
based on PF10TBT and PCBM [8—10] have a larger V. of 1 V
due to a different position of the energy levels. Unfortunately, the
measured current density in PF10TBT is lower, about 8 mA/cm?
[8]. It is therefore expected that an increase in current density
would lead to efficiencies above those of P3HT based devices.
The maximum current density occurs for films with a thickness
around 200 nm, although the absorption is then not yet saturated
[8], indicating that the trade off between light absorption and
collection efficiency limits the current density, and thus the
performance of PFIOTBT:PCBM solar cells. Here, we will
consider two options to increase the light absorption. First, we
investigate whether it is possible to increase light absorption in a
blend layer by using optical spacer layers. Secondly, we examine
whether a tandem structure could improve light absorption and
current generation in the overall device.

In so-called tandem solar cells two individual cells are
stacked on top of each other (see Fig. 1). Ideally, a tandem cell
consists of two individual cells with different band gap materials
such that each subcell can absorb light from a different part of the
optical spectrum. However, tandem structures can also consist of
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Fig. 1. Structure of the tandem cell in a series configuration. On the glass
substrate, a 150 nm ITO and a hole transport layer (e.g. PEDOT:PSS) serve as
hole collecting bottom contact. The polymer blend layers L, and L, consist of
PFI0TBT:PCBM=1:4. The two blend layers are separated by ZnO (electron
transport) and CuSCN (hole transport), where a very thin Ag layer serves as a
recombination layer. The top electron collecting contact consists of 1 nm LiF
and 100 nm Al

two cells of the same material [11-14]. Tandem cells are often
connected in a two-terminal series configuration, where the total
V.. of the tandem is the sum of the V. of the individual cells, and
the current is determined by the cell with the lowest current [15].
The reason for choosing a two-terminal series rather than a
parallel configuration (three terminal) is that in the parallel
configuration an extra electrode needs to be put between the first
and second subcell. As these are usually metals, they will absorb
light, thereby reducing the absorption and thus the current in the
second subcell. In a two-terminal series configuration, such
electrodes are not necessary.

In polymer tandem cells, the second cell can only be
processed directly on top of the first cell when the solvents of
both layers are incompatible. As this is unlikely in practice, the
two cells need to be physically separated. Ideally, this separation
layer must be optically transparent. This layer can also have
additional functions, as it is used as either an electron or hole
conducting layer (ETL and HTL respectively) to form selective
contacts to the sub-cells. By combining electron and hole
transporting layers, recombination layers are created (possibly
with an additional thin metal layer) as shown in Fig. 1. Finally,
these layers can also operate as optical spacer layers that locally
change the electric field in the blend layer such that the
absorption might be enhanced.

Tandem cells have been shown to work well for inorganic solar
cells, e.g. for a combination of amorphous Si and GaAs solar cells
[16]. Working polymer based tandems and double junctions have
been fabricated [11—15], but their performance is often lower than
for single cell solar cells due to a low limiting current in one of the
subcells. Only recently has a tandem in which both cells produce a
large current density been reported [17]. In the current paper, we
use optical modeling to calculate whether the absorption in single
cell devices and in tandem multi-junctions can further be
increased by changing the thickness of HTL and ETL layers. It

is also demonstrated how the current density in polymer tandem
cells, consisting of two subcells of PF10TBT:PCBM blend layers,
changes with the thickness of both blend layers. Optical modeling
is shown to be a useful tool to aid the design of appropriate
configurations for solar cells.

2. Modeling of optical absorption and calculated current
density

The reflection and absorption of light with a particular
wavelength depends on the optical constants of the materials.
These have been determined by ellipsometry. The optical
absorption in the layers has been calculated using SCOUT [18],
using a transfer matrix formalism [19-21]. The interference
pattern for each wavelength results from multiple reflections at the
various interfaces, and depends on the thickness of the layers. The
absorption distribution for each wavelength over the film
thickness has been calculated in the wavelength range 300—
800 nm. Multiplying with the light spectrum (photon flux,
m %s ' nm ") of either the AM1.5 spectrum or the actual lamp
spectrum, and integration over the film thickness results in the
total number of photons absorbed for each wavelength. Lastly, a
summation over all wavelength results in the total number of
absorbed photons (m %s™ ). The maximum current density can
be calculated assuming that each absorbed photons results in a
collected electron (i.e. the internal quantum efficiency, IQE,
equals one). In most polymer solar cells, the IQE is lower than one
due to several effects, particularly charge recombination. There-
fore, the true current density can not be described by optical
modeling alone and an electrical model [22,23] is necessary. This
is beyond the scope of the present paper. Instead, we will use an
empirical determination of the IQE, which has been determined
from the ratio of the measured current density and the calculated
maximum current density. These values of the IQE have been
determined for single junction solar cells. As the charge collection
efficiency also depends on how far from the electrode the charges
have been generated (in other words, at which depth the light has
been absorbed), it depends on film thickness and on the
interference pattern of the light profile. This is not exactly equal
for tandem structures and single junction cells. Therefore our
empirical approach is not sufficient to calculate the exact current
density in tandem structures, but is a useful aid to study thickness
effects and optimize device design.

3. Results and discussion
3.1. Single junction

Fig. 2a shows the calculated absorption density in PF10TBT:
PCBM (1:4) solar cells as a function of film thickness for
illumination with a halogen lamp. If every absorbed photon
generates an electron, we obtain the calculated current density
shown in Fig. 2b. However, Fig. 2b also shows the measured
current density (measured under halogen lamp). Although the
absorption increases with film thickness, up to at least 500 nm,
the current reaches its maximum value for films with a thickness
around 200 nm. This is due to the low product of mobility and
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Fig. 2. a) Calculated optical absorption (nr. of absorbed photons per m* per
second) in a PF10TBT:PCBM blend layer as a function of blend thickness. b)
Corresponding calculated current density assuming IQE=1 (red squares) and
measured current density (black circles). Both the calculated and measured
current densities are basedon the halogen lamp spectrum c) the IQE is the ratio of
the measured and calculated current densities.

lifetime of the charge carriers. This is reflected in the value of
the internal quantum efficiency (see Fig. 2c¢) which has the
largest value of 75% for films below 150 nm, but reduces to
60% for thicknesses of 150-275 nm and to 50% for film
thicknesses of 275-325 nm [8]. These values of the IQE will be
used for the calculations of the current densities.

We calculated whether the optical absorption, and corre-
sponding current density, in PFIOTBT:PCBM single junction
solar cells can be increased by adding an optical spacer. ZnO
was chosen as optical spacer material (and also functions as
ETL), because flat layers can be prepared by spincoating from a
solution of ZnO nanoparticles [11,24], making an annealing
step unnecessary. In Fig. 3a we show that the calculated AM1.5
absorption in a PFIOTBT:PCBM blend layer (on glass, 150 nm
ITO and 80 nm PEDOT:PSS, with a LiF/Al top electrode) can
increase or decrease when a thin ZnO layer is put on top of the
blend layer, depending on the thickness of both the ZnO and the
blend layer. For a 150 and 180 nm thick blend layer, the
absorption is maximal when the ZnO spacer layer is 30 nm
thick. For these two thicknesses, the absorption is also
calculated as a function of the PEDOT layer thickness, both
with and without a 30 nm ZnO layer, as shown in Fig. 3b. The
measured AM1.5 current density in a 180 nm PF10TBT device
without ZnO and a 80 nm PEDOT layer is around 8 mA/cm?
[8]. The gain in current density by reducing the PEDOT layer
and inserting a 30 nm ZnO layer is calculated from the
absorption in Fig. 3b to be about 1 mA/cm?® (IQE=75% and
60% for 150 nm and 180 nm blend thickness respectively), an
increase of just over 10%.

3.2. Tandem structure

The tandem structure is shown in Fig. 1, where the ETL on
the first subcell is ZnO (30 nm). Since ZnO can also act as an
optical spacer, we will also consider the influence of this layer
on top of the second subcell. The HTL on the ITO/glass is
PEDOT:PSS. Both PEDOT:PSS and CuSCN are identified as
candidates for the HTL below the second subcell. PEDOT:PSS
is an acidic solution and will damage ZnO. CuSCN dissolved in
dipropyl! sulfide has been used as hole transporting material in
dye solar cells [25] and might be more suitable. To study the
influence of both polymer blend layer thicknesses, the thickness
of the PEDOT:PSS, ZnO and CuSCN layer have all been fixed,
as indicated in Fig. 1. The blend layer thicknesses modeled
range from 50—275 nm. The Al top electrode optically acts as a
mirror, resulting in interference effects in the blend layers.
Therefore, the absorption in both layers is influenced by a
change in either of the thicknesses.

The maximum current in the tandem cell is determined by
the polymer blend layer with the lowest current density. The
maximum current density in the tandem cell has been calculated
using the IQE values of 0.75, 0.6 and 0.5 for film thicknesses
<150 nm, 150-275 nm and 275-375 nm respectively. The
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Fig. 3. Optical absorption in a PFI0TBT:PCBM blend layer as a function of the
thickness of the ZnO layer on top of the blend layer, for blend thicknesses
between 100—250 nm. For a 150 and 180 nm thick blend layer, the absorption is
maximized when the ZnO layer is 30 nm. In b) the absorption as a function of the
PEDOT layer thickness is calculated for these two blend thicknesses, with and
without a 30 nm ZnO layer.
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Fig. 4. Calculated current densities in both layer 1 (black squares) and layer 2
(red circles) in a tandem structure. The thickness of layer 1 is a) 50 nm, b) 75 nm,
¢) 100 nm, d) 125 nm, e) 150 nm and f) 175 nm. The thickness of layer 2 is in
each figure plotted on the x-axis. When L, is only 50 or 75 nm thick, it is always
current limiting. When L, is 150 nm or above, L, becomes current limiting. The
largest limiting current density of 4.6 mA/cm® obtained for L,=150,
L,=250 nm.

limiting current density is shown in Fig. 4. Due to interference
effects, the optical absorption in layer 1 is lower than in layer 2
when the thickness of layer 1 is only 50 or 75 nm, thus layer 1 is
then current limiting. When L; is 100 nm, L, has to be 200 nm
thick in order to be current limiting. When L; is 150 nm or
thicker, L, is always current limiting.

As mentioned before, the current density in the tandem cell is
determined by the lowest current of the two subcells. In Fig. 4, it
can be seen that this condition results in the largest current density
of 4.6 mA/cm? for L, with a thickness of 150 nm and for L, of
250 nm. This current is much lower than the maximum current for
a single solar cell of this material, which has a maximum AM1.5
current density around 8 mA/cm? for a film about 180 nm thick
[8]. The maximum V. that can be expected for the tandem cell is
2V, assuming each subcell produces a V. of 1 V like in the single
solar cell. So assuming no other losses, the efficiency of this
tandem structure can be 15% more than for a single cell. Fig. 4
also shows the importance of the right thickness combinations, as
the values for the limiting current density differ by more than a
factor of 2. Optical modeling is thus a very helpful tool in
choosing appropriate device configurations.

The conversion of light into excitons and ultimately
electrons and holes takes place in the polymer:PCBM blend
layer. The amount of light that is absorbed in the blend layers
also depends on the thickness of the other layers in the tandem
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Fig. 5. Current density in L; (150 nm, black squares) and L, (250 nm, red
circles) as a function of the thickness of a) PEDOT layer thickness, b) CuSCN
layer thickness and ¢) ZnO layer thickness determined assuming IQE=0.75 for
L, and 0.6 for L,.

structure, such as CuSCN, PEDOT and ZnO. For the tandem
structure with L; =150 nm, and L,=250 nm, we calculated the
absorption in both blend layers for a CuSCN and ZnO layer
thickness of 10, 30, 50 and 70 nm, and for a PEDOT layer
thickness of 40, 60, 80 and 100 nm, as shown in Fig. 5. When
the thickness of one of these layers is varied, all other layer
thicknesses are kept constant at the same values as in Fig. 1. The
absorption and current density in L; and L, depend on the
CuSCN and ZnO layer thickness. From Fig. 5 it can be seen that
the largest current density in L, is obtained for a ZnO and
CuSCN layer of 10 nm thickness, and a PEDOT layer of 40 nm
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Fig. 6. Influence of a ZnO spacer layer on top of the second subcell on the
current density in layer 1 (150 nm) and in layer 2 (250 nm).
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thickness. The optical absorption is maximum for zero
thickness of the PEDOT layer, but a finite PEDOT layer is
necessary for electronic and processing reasons. If we take all
these values into the tandem structure, the maximum current
density is 4.8 mA/cm?, resulting in a maximum efficiency
increase of 20% compared to a single cell device.

The optical absorption and current density in L, could further
be enhanced by putting a ZnO layer on top of L,. This is cal-
culated for the same tandem structure, with ;=150 nm, and
L,=250 nm, ZnO and CuSCN are both 10 nm and PEDOT is
40 nm like above, and shown in Fig. 6. The absorption in L,
is only increased for ZnO layer thicknesses of 10 and 20 nm. The
corresponding current density, assuming IQE=0.6, is 4.9 mA/cm?,

With a maximum limiting current density of 4.9 mA/cm? the
overall performance of the tandem cell could ideally be 23%
larger than for the measured single cell device [8]. This is
assuming that each subcell produces the same voltage as a
single cell device, and there are no further losses in fill factor.
However, it was shown that along with the reduction in IQE
with film thickness, the fill factor reduces as well [10]. Besides
electron and hole transport, the function of the ZnO and CuSCN
layers is also to protect the bottom polymer blend layer from
being damaged, so it is necessary that these layers are closed
and flat. It is not known if very thin films of only 10 nm will be
closed, and thus experimentally this thickness might be too thin.
Taking all these factors into account, it is not likely that the total
efficiency of an optimized tandem cell, with identical materials
in the two subcells, will exceed the efficiency of an optimized
single junction solar cell, despite the fact that in a single cell
with maximum current density not all light is absorbed.
Therefore we conclude that, apart from the increased complex-
ity of processing tandem structures, it will be more fruitful to
optimize a single cell device by reducing the PEDOT:PSS layer
thickness and by inserting a thin ZnO layer. For improved
tandem performance, two materials with different bandgaps are
needed, such as PFI0TBT and the recently published low band
gap material PCPDTBT [26,5]. Also, when materials with
different bandgaps are employed, the right thickness combina-
tion will be important for obtaining optimal current densities,
and the modeling process described here will be necessary.

4. Conclusions

We have shown that optical modeling is a useful tool to find
improvements in light absorption in solar cells. The optical
absorption in solar cells consisting of a single junction of
PF10TBT:PCBM can be enhanced by 10% by inserting a thin

(30 nm) electron transport layer (ZnO) which also acts as an
optical spacer and by reducing the thickness of the hole transport
layer (PEDOT). The current density in a tandem structure
consisting of two PFIOTBT:PCBM blend layers is strongly
dependent on the thicknesses of both blend layers, and achieves
a maximum for a combination of blend layers with thicknesses
of 150 nm and 250 nm. This thickness combination, combined
with a thin HTL and two ETL layers could lead to an increase in
current density around 20%, although the overall efficiency of a
tandem will also depend on interface quality, the values of V.
and the fill factor. Experiments are currently in progress to verify
the optical modeling results.
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