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Efficient organic solar cells based on a double p-i-n architecture
using doped wide-gap transport layers
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The use of doped wide-gap charge transport layers with high conductivity and low absorption in the
visible range enables one to achieve high internal quantum efficiencies and to optimize the devices
with respect to optical interference effects. Here, it is shown that this architecture is particularly
useful for stacking several cells on top of each other. The doping eases the recombination of the
majority carriers at the interface between the cells, whereas the recombination centers are hidden for
excitons and minority carriers. By stacking twpei-n cells both with a phthalocyanine-fullerene
blend as photoactive layer, a power efficiency of up to 3.8% at simulated AM1.5 illumination as
compared to 2.1% for the respective singte-n cell has been achieved. Numerical simulations of

the optical field distribution based on the transfer-matrix formalism are applied for optimization.
The concept paves the way to even higher efficiencies by stacking sevieratells with different
photoactive materials that together cover the full visible spectrun20@5 American Institute of
Physics [DOI: 10.1063/1.1935771

Several approaches to all-organic solar cells have beeinterference effects that can lead to different optical field
reported in the last few yeals: All of them make use of the  strengths in the photoactive regions of the individual cells.
transformation of photogenerated excitons into free charge The basis of our stacked solar cells are sirgien cells
carriers at donor-acceptor heterojunctions. If devices aréased on a bulk heterojunction made of ZnPg:Klends as
based on a heterojunction between two layers of neaphotoactive layer$™® Those show rather encouraging
materials:®>° excitons have to diffuse toward the interface power efficiencies of about 2% and already profit from the
to get separated. Here, only excitons being created within thability to shift the photoactive layer into the maximum of the
exciton diffusion length can contribute to the photocurrent.optical interference pattern by adjusting the thickness of the
This approach is mainly limited by the typically small exci- transparent highly conductive transport layers. Simulated ab-
ton diffusion length in organic materials. To overcome thissorption profiles obtained by the one-dimensior{aD)
limitation, bulk heterojunctions were developed for varioustransfer-matrix formalism(TMF) (Refs. 16 and 17 show
systemgpolymers and small molecule$”*°Unfortunately, reasonable agreement with experimental res{it&It turns
this concept has also its drawback. Bulk generated chargseut that it is even more relevant for stacked cells to adjust the
carriers need to percolate within the bulk blend toward theifpositions of all photoactive layers with respect to the maxima
specific electrodes. That may lead to reduced charge carrigf the optical field distribution. To find the optimum combi-
mobility by the intermixing of two compoundswhich again  nation of layer thicknesses, we again make use of numerical
limits the range of active layer thickness accessible withousimulations of the optical field distribution based on the
significant recombination losses. TMF.

An approach to circumvent this trade-off between losses  As a key feature of the cells, organic doping of wide-
by limited absorption for thin layers and recombinationgap transport materials based on the coevaporation of
losses for thicker layers was introduced by Hirametcal.z two organic Compoundg_zo is app||ed(typ|ca| dopant con-
who demonstrated the stacking of single heterojunction cellgent: 1-4 mol 9%. The hole transporting materials N,
on top of each other. Yakimost all? improved this concept  N’-diphenyl-N, N -bis(3-methylphenyl-[1, 1’ - bipheny] -4,
by stacking up to five single heterojunction cells on top of4’_diamine (MeO-TPD) is doped by the strong electron ac-
each other reaching a maximum power efficiency of 2.5%eptor tetrafluorotetracyano-quinodimethafi& n-type dop-
already fOI’ the double Stacked Ce”. S|m|lar|y, we haVe ShOWr'ng Of the e|ectron transporting matricego(js based on cat-
the stacking of twgp-i-n type bulk heterojunction solar cells jonic dyes, such as rhodamine B or their leuko bdsako
on top of each other* As stacked cells without separate crystal violey as a precursd® The devices have been pre-
contacts for the individual cells represent a series connectiogared on commercial semitransparent indium tin oxide
of two diodes, the open-circuit voltag@éoc) simply add up.  (1T0)-coated glass substrates with a surface resistance of
However, the short-circuit photocurrent of the stacked cell is<5( Q/square. For stability reasons, in some of the samples,
baSically limited by the lowest of the two individual cells. a PEDOT:PSS |ayer was Spin cast onto the ITO before fur_
Balancing the contributions is further complicated by opticaliher processing in a vacuum. Current-voltadd/) charac-
teristics have been taken situ or in an inert nitrogen atmo-
¥Electronic mail: drechsel@iapp.de sphere.

0003-6951/2005/86(24)/244102/3/$22.50 86, 244102-1 © 2005 American Institute of Physics
Downloaded 12 Jan 2006 to 140.78.119.130. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1935771
http://dx.doi.org/10.1063/1.1935771

244102-2 Drechsel et al. Appl. Phys. Lett. 86, 244102 (2005)

fer to ZnPc.
To reduce the number of free parameters, several thick-
. e 20 900 500 nesses are fixeca priori. As is known from former
layer position [nm] experiments? the thickness of the ITO and the adjacent hole
transport layer have a minor influence on the optical field
FIG. 1._ Basic concept of p-i-n-type _organic solar cell with an active layer distributions. They are fixed to 125 nm for the ITO and 30
sandwiched betweep- andn-type wide-gap transport layere) The gen- 0 the MeO-TPD. The maximum thickness of the pho-
eral layer sequence ar(®) calculated absorbed photon flux profile at an - : . !
illumination of 130 mW/crd AM1.5 based on a nominal optimized device toactive ZnPc: G layers(blend ratio of 1:2is set to 60 nm.
structure. It includes the contribution from adjacenp @yers to the photo- ~ As was determined in a series of independent experiments,
current. Under the assumption of 100% internal quantum efficiency, theghicker blend layers show reduced fill factors and high re-

integrated absorbed photon flux within the photoactive blend layers resultéombination losses. Furthermore, we keep the thickness of
in a maximum photocurrent of 9.8 mA/émlf the contributions from the ’ ’

adjacent G, layers are additionally taken into account, a maximum of the n'dOped _QO Iayers as thin as pOSSIble to minimize Para'
12.0 mA/cnt can be reached. sitic absorption losses. To make sure that they are still con-

siderably thicker than the depletion layer that may be formed
at its interface, we chose 20 nmyGwithout further optimi-

Figure Xa) depicts the device structure for a double zation. For the cell directly below the reflective aluminum
stackedp-i-n cell. Those tandem cells are comprised of twotop contact(Cell B), the 20 nm doped & layer already
single p-i-n cells with an ultrathin metal lay&tin between represents a spacer close the optimum in respect to the opti-
that grow in a discontinuous way forming metal clustets. cal interference maximum. Thus, only two free parameters
Those induce favorable gap states and interface dipoles, angle left, namely the thickness of the blend layer of Cell B and
ease recombination and generation at the interface at revergse thickness of its hole transport layer which determines the
and forward bias voltage, respectively. For the charge transspacing between the photoactive layers of the two cells.
port materials MeO-TPD andggused here, the introduction The aim of the optimization is to find a configuration
of the metal clusterand doping of both adjacent layers is where both individuap-i-n cells are able to generate similar
essential to get reasonable tandem célldowever, the clus- photocurrent. Its value should be as high as possible. As a
ter morphology of the metal interlayer is not essential for thisresult, the absorbed photon flux at an illumination intensity
concept. In fact, we found that—in spite of the nominally of 130 mW/cn¥ AM1.5 is given in Fig. 1b) for a nominal
high electron injection barrier todg—even solid gold layers optimized structure within the given limits. In detall,
form quasi-ohmic tunneling contacts to bagstdoped MeO- the layer sequence is ITO/30 npadoped MeO-TPD/
TPD andn-doped G. 60 nm ZnPc: Gy blend (molar ratio of 1:2/20 nmn

In the following, we describe the basic assumptions of-dopedGy/0.5 nm Au/125 nm p-doped MeO-TPD/50 nm
the optical simulations and the strategy to find the optimunzZnPc: G, blend (molar ratio of 1:2/20 nm n-doped
tandem cell configuration. Optical constants of all layersCgy/ 100 nm Al. Obviously, the absorption takes place
have been determined independeftifpue to the low dop- mainly in the ZnPc: g, blend layers and in the electron
ant concentrations, we neglect a possible influence of th&ansport layers consisting ofgg Assuming 100% internal
doping ratio on the optical constants. For simplicity, the in-quantum efficiency, the integration of current generation of

terfacial gold layer has been assumed to be solid. We assuntiee blend layers leads to a photocurrent density of
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! ' " ’ ¥ ’ shows up around the proposed optimized configuration that
40} 4 confirms the application of the optimization procedure.

In conclusion, we have demonstrated high efficiency or-
ganic photovoltaic devices by stackimgi-n type cells. To
create a low loss contact between the stacked cells, both the
doping of the wide-gap transport layers and the introduction
of gold clusters as recombination and generation centers are
essential. A major advantage of the concept is that the pho-
y toactive layers can be placed in an optimum position with
respect to the optical interference pattern by adjusting the
thickness of the doped wide-gap transport layers. The tan-
g dem cell reaches 3.8+0.2% power conversion efficiency
which is a significant improvement compared to single
p-i-n cells. A further improvement is expected already by
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2.0 . A . . A : using more conductive ITO as the cells show indications of a
50 100 150 200 250 300 series resistance that does not arise from the organic trans-
spacing between the center port layers(cf. Ref. 21). Engineering the morphology and
of photoactive layers (nm) transport properties in the photoactive blend layers will be

N . . addressed in future work. Application to commercially inter-
FIG. 3. Power efficiencies fop-i-n tandem cells plotted vs the distance PP y

between the centers of the photoactive layers. The device structure has be@ﬁt'ng efficiencies is anthlpa_ted if we stack two or more_c_ells
kept constant except for the separating hole transport layer between Cells With complementary absorption to cover the complete visible
and B. The dashed line represents a guide for the eyes. and near-infrared range of the solar spectrum.
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