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We show that the power conversion efficiency of organic photovoltaic devices based on a
conjugated polymer/methanofullerene blend is dramatically affected by molecular morphology. By
structuring the blend to be a more intimate mixture that contains less phase segregation of
methanofullerenes, and simultaneously increasing the degree of interactions between conjugated
polymer chains, we have fabricated a device with a power conversion efficiency of 2.5% under
AML.5 illumination. This is a nearly threefold enhancement over previously reported values for
such a device, and it approaches what is needed for the practical use of these devices for harvesting
energy from sunlight. €2001 American Institute of Physic§DOI: 10.1063/1.1345834

The discovery of ultrafast, photoinduced charge transfeoctyloxy)]-p-phenylene vinylene?CBM ([6,6]-phenyl C61
from a conjugated polymer togg(buckminsterfullerenehas  butyric acid methyl esterblend films spin coated using ei-
fueled research on semiconducting-polymer based photovother toluene or chlorobenzene. The molecular structures of
taic deviced. Early devices, fabricated from conjugated the compounds are shown in Fig. 2. The images clearly show
polymer/G, bilayers?? yielded low power-conversion effi- different surface morphologies. The surface of the toluene-
ciencies(<0.1% due to insufficient interfacial contact area cast film contains features with horizontal dimensions on the
between the donor and acceptor layers. This efficiency wagrder of 0.5um. Measurements of the mechanical stiffness
improved by blending a soluble methanofullerene directlyand adhesion properties of the surfaperformed simulta-
into the conjugated polymer filthThus far, the efficiency of Neously as the topographic imagjrigdicate that these ver-
these devices under AML1.5 illumination has been limited tdfical features have a chemical composition different than the
approximately<1%. Among the several geometries for or- syrrounding 'valleys. Since such' features are not observed in
ganic photovoltaic devices investigated to date, includind!lms ©f pristine MDMO-PPV spin coated from toluene, we
conjugated polymer blenddayers of low molecular weight assign them to be phase-segregated regions that contain

organic molecule§, and also the recently reported halogen-
doped organic single crystdlsthe polymer based devices
were mostly attractive due to their easy production technol-
ogy. These “plastic” photovoltaic devices offer the possibil-
ity of low-cost fabrication of large-area solar cells for har-
vesting energy from sunlight. Aside from possible economic
advantages, organic materials also possess low specifi
weight and are mechanically flexible—properties that are de-
sirable for a solar cell.

In the following we will demonstrate that the mechanical

and electrical properties of the photoactive layer in plastic z e £ T {
solar cells can be favorably determined by the casting con-g8 gs
ditions. In detail, the choice of the proper casting solvent, %4 %»4
in our case chlorobenzene, allows us to nearly threefold¥; =0
the efficiency of these devices reported up to now. The re-g »§4
-3

sults for the devices produced from chlorobenzene are com ® ,5=55~ 757520 25 ~ 00 05 10 15 20 25
pared to devices produced from toluene, which is, with re- Distance (um) Distance (um)
spect to device efficiency, an excellent representative for all

[T ; FIG. 1. AFM images showing the surface morphology of MDMO-
the other solvents reported in literature up to now. Figure o0 5oyt 4 b iy blend films with a thickness of approximately 100

shows atomic force microscopfAFM) images of the sur-  m and the corresponding cross sectidas Film spin coated from a tolu-
faces of MDMO-PP\poly)[2-methyl,5¢3*,7* dimethyl-  ene solution(b) Film spin coated from a chlorobenzene solution. The im-
ages show the first derivative of the actual surface heights. The cross sec-
tions of the true surface heights for the films were taken horizontally from
¥Electronic mail: christoph.brabec@jk.uni-linz.ac.at the points indicated by the arrow.
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FIG. 3. (8 Optical transmission spectra of 100-nm-thick MDMO-
a PPV:PCBM(1:4 by wt) films spin coated onto glass substrates from either

(\EJ toluene(dashed lingor chlorobenzenésolid line) solutions.(b) IPCE spec-
‘é 4 tra for photovoltaic devices using these films as the active layer.
=
= |
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FIG. 2. Device structure, chemical structure, and characterizaipribe- illumination, Pin IS the .Ilght intensity incident _on the device
vice structure of the plastic solar cell and the chemical structure of the use@S Mmeasured by a calibrated reference &&l; is the open-
compounds. The active area of the devices was typically) mnt. (b) circuit voltage, andsc is the short-circuit current density
Characteristics for devices with an active Iayer that is spin coated from qs the Spectral m|smatch factor that accounts for dev|at|ons |n
toluene solution(dashed ling Jsc=2.33 mA/cnt, Voc=0.82 V, FF th tral outout of th | imulat ith t to th
=0.50, 7am15=0.9%, and from a chiorobenzene solutigall line): Jsc € spectral output o € solar Slm,u a or V\_” respect to the
=5.25 mA/CT?, Voc=0.82 V, FF=0.61, yaus=2.5%. Data are for Standard AM1.5 spectrum and deviations in the spectral re-
devices illuminated with an intensity of 80 mW/€mvith an AM1.5 spectral ~ sponse of the device under measure with respect to that of
mismatch factor of 0.753. The temperature of the samples during measur¢he reference Ceﬂ? FF is the fill factor. For our measure-
ment was 50 °C. ments,P;,=80 mwi/cnf andm=0.753.

A plot of the current density versus voltage for the two

different fullerene concentration. In  contrast, thedevices is shown in Fig.(B). The open-circuit voltages of

chlorobenzene-cast film contains structures with horizontalhe cells are identicdD.82 V). However, the chlorobenzene-
dimensions on the order of only 04m. This indicates a based device exhibits a more than twofold increase in the

much more uniform mixing of the constituents. Furthermore Short-circuit current density as compared to the toluene-

the toluene-cast film has height variations on the order of 19a5€d devic€5.25 vs 2.33 mA/crf). As shown in Fig. &),

nm. whereas the chlorobenzene-cast film is extremel)trhe optical transmission spectra of the active layer films are
sm(,)oth with height variations on the order of 1 nm Wenearly identical, except for a small redshift in the MDMO-

attribute this contrast in film morphologies mainly to the factF_)PV absorption(425-575 nm n the chlor_obenzene_cast
. . . film, as expected for the case of increased interchain interac-
that the solubility of PCBM in chlorobenzene is more than . Lo
. . tions. Thus, the chlorobenzene-based device is much more
twice that in toluene. L . . .
. . . efficient at converting photons to electrons. This is explicitly
To compare the impact of these different morphologie

S L .
. . . . demonstrated in Fig.(B) in the plot of external quantum
on the photovoltaic device performance, devi¢sse Fig. 9. (B) P g

. . : . efficiency, or incident photon to converted electidRC
2(a)] were fabricated in an identical manner except for the y P 6RCE

hoi ¢ sol ith : hlorob qf ratio, as a function of wavelength. The fill factor also in-
choice of solventeither toluene or chlorobenzenesed for creaseg0.50 vs 0.61 upon changing the solvent from tolu-

spin coating the active laygiMDMO-PPV:PCBM, 1:4 by  one 1o chlorobenzene. The increased short-circuit current
wt). The detailed production of these devices, which conyensity and fill factor combine to yield a nearly threefold

sisted in all cases of an indium tin oxide/PED@BIY(3,  jncrease in the AM1.5 power conversion efficier®y9% vs
4-ethylenedioxythiophenepoly(styrenesulfonajé/ MDMO- 2.5%).

PPV:PCBM/LIF/Al layered structure, is described else-  These enhancements seen in the short-circuit current
where® A LiF/Al electrode was chosen instead of a pristine density and the IPCE can be explained by an increased
Al electrode in order to guarantee a good ohmic contact becharge carrier mobility for both holes and electrons in the
tween the metal and the organic layér! Characterization  chlorobenzene-cast active layer. As illustrated above with the
of the devices was performed under illumination by a solalAFM images, the tendency of the PCBM molecules to phase
simulator. The AM1.5 conversion power efficiengyy,s 0f  segregate into clusters is suppressed when chlorobenzene is
a photovoltaic device is given by used as the solvent. Clustering of the PCBM molecules is
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expected to decrease the charge carrier mobility for eledight-harvesting system that converts absorbed photons to
trons, since the voids between the clusters present large baglectrons with an efficiency approaching 100% at peak wave-
riers to the hopping process. Monte Carlo simulations oflength. Further work is needed to increase the open-circuit
transport in a disordered medium have shown that the chargeltage, the fill factor, and the overlap of the spectral re-
carrier mobility is very sensitive to inhomogeneous densitysponse with the sun’s spectrum to achieve a power conver-
variations of the hopping sités.The charge carrier mobility sion efficiency that is approaching that of inorganic solar
for holes is also affected by the morphology of the film, cells. However, these results demonstrate that organic pho-
since the relative orientation of the conjugated polymertovoltaic devices can be a viable technology for future power
chains determines the degree of interchain interactions. Thigeneration.
has been evidenced recently by theoretical studies on inter- The authors thank A. Andreev and P. Hinterdor(i€e-
chain interactions in conjunction polymé&tand experimen- pler University Lina for AFM images, J. Kroon and M.
tal studies on conjugated polymer-based organic lightWienk (ECN, The Netherlandgor calibration of the spectral
emitting diodes® The ability of the solvent to affect the mismatch factor as well as W. Geens and J. Poortmans
degree of interchain interactions has been shown usingMEC, Belgium for mobility measurements. The authors
light-scattering and spectroscopy experiméfitswas deter- acknowledge COVION for supplying MDMO-PPV. This
mined for MEH-PPV, a conjugated polymer similar in struc- work is performed within the Christian Doppler Society’s
ture to MDMO-PPV/(poly[2-methoxy, 52" -ethyl-hexyloxy-  dedicated laboratory on Plastic Solar Cells funded by the
p-phenylene vinylenk, that the polymer chains assume an Austrian Ministry of Economic Affairs and Quantum Solar
open conformation, leading to a high degree of interchairEnergy Linz Ges. m.b.H. The work was further supported by
interactions, in films spin coated using chlorobenzene. Rethe “Fonds zur Foderung der wissenschaftlichen Fors-
cent results from field-effect mobility measureme(8sE.S., chung” of Austria(Project No. P-12680-CHEby the Land
W. Geens, C.J.B., J. Poortmans, and N.)SeBe in agree- Obersterreich(ETP), and the Magistrat Linz.
ment with this. We find that the charge carrier mobility for
holes in pristine MDMO-PPV is approximately one order-of-
magnitude greater in films spin coated from chlorobenzeney s saricifici, L. Smilowitz, A. J. Heeger, and F. Wudl, Scier&8
as opposed to toluene. The increase in the fill factor of the 1474(1992.
devices can also be explained by an increased charge carriéN- S. Sariciftci, D. Baun, C. Zhang, V. I. Srdanov, A. J. Heeger, G.
mobity, 2 well a5 the much smoother surface of the 5"l OF A Ko o Lotz s L
chlorobenzene-cast active layer that leads to better interfacialapp. phys. Lett68 3120(1996.
contact with the cathode. Taken all together, these result$G. Yu, J. Gao, J. C. Hummelen, F. Wudl, and A. J. Heeger, ScigfiGe
indicate that spin coating the active layer blend from a chlo-5b78§r(;r?§?u;n < Petritsch A C. Arias. A. Lux. M. R. Andersson. and R
robenzene squt.|on has the fortunpus effect of simulta- |} Friend, NaturdLondon 395 257(1098. ' '
neously enhancing the morphological microstructures ofec v, Tang, Appl. Phys. Let#8, 183(1986.
both components that form the interpenetrating networks. ’P. Peumans, V. Bulovic, and S. R. Forrest, Appl. Phys. L%8f.2650

The IPCE plot in Fig. ®) shows a maximum value of 8320I—(|)0§cﬁo Ch. Kloc, E. Bucher, and B. Batlogg, Natuteondon 403,
50% in the wavelength range of 460—480 nm. The efficiency ,,q ‘(2000_’ ' T ' ‘ 99
for the conversion of absorbed photons to electrons in this'c. j. Brabec, F. Padinger, N. S. Sariciftci, and J. C. Hummelen, J. Appl.
device is extremely high. The light absorption of the devicelOPhys-SS, 6866(1999. _
was measuredusing a reflection geometryo be less than G. E. Jabbour, B. Kippelen, N. R. Armstrong, and N. Peyghambarian,
60% at 460 nm. This yields an internal quantum efficiency nAppl' Phys. Lett.73, 1185(1998,

: *tL. S. Hung, C. W. Tang, and M. G. Mason, Appl. Phys. L&®, 152

or absorbed photon to converted electron, larger than 85%.(1997.
Since thelsc of the devices was measured to have a linear?P. M. Sommeling, H. C. Rieffe, J. A. M. van Roosmalen, A. Sutuker,
dependence on the incident light intensity for values up to 80 é‘z'\"ég'g(oz%’g’(;' A. Wienke, and A. Hinsch, Sol. Energy Mater. Sol. Cells
mW/cn, monochromatic power conversion efficiencies cansg 'y rakhmanova and E. M. Conwell, Synth. M&16 389 (2007,
be calculated from the IPCE data. Assumivigc=0.82 V. 43, Cornil, J.-P. Calbert, D. Beljonne, D. A. dos Santos, and J.-L. Bredas,
and FF=0.61, this yields a power conversion efficiency of Mater. Res. Soc. Symp. Prog98 (1999.

: 5 Pros98
9.5% at 488 nm for the chlorobenzene-based device. Ibz?'zgl?gggbl. B. Martini, J. Liu, and B. J. Schwartz, J. Phys. Chem. B

In conclusion, we emphaSize that the hlghly efﬁCientlﬁT._Q. Nguyen, V. Doan, and B. J. Schwartz, J. Chem. P, 4068
photovoltaic device presented here is a synthetic, organic(1999.
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