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ABSTRACT 

 The charged defect density in common π-
conjugated polymers such as poly(3-hexylthiophene), 
P3HT, is around 1018 cm-3.  Despite, or perhaps because 
of, this huge defect density, bulk heterojunction solar cells 
made from these polymers and a C60 derviative such as 
PCBM exhibit some of the highest efficiencies (~5%) yet 
obtained in solid state organic photovoltaic cells.  We 
discuss defects in molecular organic semiconductors and 
in π-conjugated polymers.  These defects can be grouped 
in two categories, covalent and noncovalent.  Somewhat 
analogous to treating amorphous silicon with hydrogen, 
we introduce chemical methods to modify the density and 
charge of the covalent defects in P3HT by treating it with 
electrophiles such as dimethyl sulfate and nucleophiles 
such as sodium methoxide. The effects of these 
treatments on the electrical and photovoltaic properties 
and stability of organic PV cells is discussed in terms of 
the change in the number and chemical properties of the 
defects.  Finally, we address the question of whether the 
efficiency of OPV cells requires the presence of these 
defects which function as adventitious p-type dopants.  
Their presence relieves the resistance limitations usually 
encountered in cleaner organic semiconductors and can 
create built-in electric fields at junctions. These 
considerations lead toward the design of a new 
generation of OPV materials that replaces the covalent 
defects with purposely added dopants. 
 

INTRODUCTION 
 

 Electronically, organic (i.e., excitonic) 
semiconductors, XSCs, are distinguished from most 
inorganic semiconductors by their low dielectric constants 
and localized carrier wavefunctions.  These result in the 
predominance of electrostatic interactions in their 
photoelectrical properties.  Thus excitons are formed 
upon light absorption rather than free electron hole pairs; 
the doping efficiency is often less than 1% because most 
added charges remain Coulombically bound to their 
countercharges;[1] and carrier mobilities show Poole-
Frenkel-like behavior.[2]  In such low dielectric media it 
may be expected that charged defects, if present in 
significant concentration, would play a decisive role in the 
observed electrical behavior.  Yet the role of charged 
defects in XSCs has been practically ignored. 
 Ironically, it seems that the most defect-laden 
materials have so far produced the highest efficiency 

organic PV cells, while highly purified molecular 
semiconductors show very poor results.  One is tempted 
to ask:  do the defects make it work?  And if so, what can 
we learn from this counterintuitive result to make 
improved OPV cells?  We first describe measurements of 
the defect density in one of the most commonly employed 
π-conjugated polymers, regioregular poly(3-
hexylthiophene), P3HT, and briefly discuss the two 
classes of defects in XSCs.  Then chemical treatments of 
P3HT are introduced that modify the defects, and the 
resulting changes in photoelectrical properties of the 
polymer and OPV cells made from it are described.  
Finally some recent results about defects in molecular 
semiconductors and their effects on OPV efficiency are 
described. 
 

RESULTS AND DISCUSSION 
 

Defect density 
 

 Zero field conductivity measurements on spin-
cast films of P3HT, coupled with time-of-flight hole 
mobility measurements provide an estimate of the free 
hole density,  pf ≈ 1016 – 1017 cm-3, with the lower range 
approachable only in extensively purified material.[3]  The 
density of bound charges, however, should be far higher 
than pf given the low dielectric constant and excitonic 
nature of the polymer.  Total charge densities around pd 
~1018 -1019 cm-3 are thus expected in P3HT and other π-
conjugated polymers; this is some 14 orders of magnitude 
beyond the intrinsic level for a semiconductor of bandgap 
≈ 2 eV.  Charge densities in molecular semiconductors 
are several orders of magnitude lower than in π-
conjugated polymers, though still far beyond the intrinsic 
level.  There is as yet little understanding of the chemical 
nature or physical influence of these charged defects. 

 Defects in organic semiconductors can be 
classified as either covalent or noncovalent.[2, 3]  
Noncovalent defects perturb only weak van der Waals or 
London forces between molecules.  For example, 
imperfections in the crystal packing of closed shell 
(molecular) organic semiconductors create noncovalent 
defects.  Since they involve only weak forces, they tend to 
produce shallow defects that are mainly uncharged.  
Covalent defects, on the other hand, perturb high energy 
covalent bonds, similar to dislocations in silicon, and have 
a greater probablility of creating charged states in the 
gap.  Ideally the backbone in π-conjugated polymers 
(which consists of sp2-hybridized carbons) would form a 
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planar conducting wire.  But in solid films the backbone 
inevitably has a number of kinks and bends in it that 
perturb the planarity of the  sp2 carbons, thus deforming 
high energy π-bonds.  Figure 1 shows a possible covalent 
defect in P3HT.  We do not consider chemical impurities 
here, although they probably also play a role, and focus 
instead on morphological defects in the polymers since 
they appear to be the only source large enough to 
account for the equilibrium charge density. 

 
Chemical treatments 

 
 From the viewpoint of organic chemistry, gap 
states in these polymers must be either easier to oxidize 
or reduce than band states and likewise should exhibit 
enhanced reactivity with either electrophiles or 
nucleophiles, respectively.  Somewhat analogous to 
treating amorphous silicon with hydrogen to passivate gap 
states, we introduce methods of treating π-conjugated 
polymers with dimethyl sulfate, a methyl cation donor 
(Me2SO4, an electrophile) and methoxide anion (MeO-, a 
nucleophile).  The details of the chemical reaction 
procedures and the characterization of the products will 
be reported elsewhere.[4]  Here we briefly describe some 
of the results of the chemical treatments on P3HT and 
OPV devices made from it.  All P3HT films were 
annealled at 120° C for 30 min. in a glove box before 
measuring. 
 Table 1 summarizes some of the data.  
Methoxide anion is expected to react at positively charged 
(cationic or trapped hole) sites in the polymer and thus 
may decrease the free hole density.  The zero field 
conductivity, σ0, of methoxide-treated P3HT decreases by 
about a factor of five compared to the untreated material 
while the hole mobility, μp, increases slightly (Table 1).  
This results in a decrease in the calculated  pf by 
approximately seven fold.  Conversely, methyl cation is 
expected to react at the anionic sites and may substitute 
the electro-inactive sulfate ion for bound electrons.  This 
reaction is thus equivalent to a p-type doping process, 
albeit, with a counterion (sulfate) that is slightly mobile in 
the film.  In this case, σ0 increases ~3 fold caused by a 

corresponding increase in μp, while pf remains almost 
constant. 
 The zero field activation energy of the current, 
EaJ0, increases slightly upon treatment with MeO- (Table 
1) consistent with the removal of some of the shallower 
traps.  On the other hand, EaJ0 decreases upon treatment 
with Me2SO4.  This may be an electrostatic effect as 
substituting a sulfate ion not bound to the polymer chain 
for an electron on the chain may result in shallower 
potential wells for the holes. 
 
Table 1. 

Treatment 
σ0,  x 
10-7 
S/cm 

EaJ0, 
meV 

Lex, 
nm 

μp, x10-4 
cm2/Vs 

 pf,   x 1016 
cm-3 

none 14 233 7 1.2 7.3 
MeO-  3 276 9 1.8 1.0 

Me2SO4 46 210 13 4.2 6.8 

Figure 1.  Illustration of a possible covalent 
defect in P3HT 

 
Exciton diffusion length 

 
 When excitons, rather than free electrons and 
holes, are formed upon light absorption, the exciton 
diffusion length, Lex, becomes a key parameter.  Excitons 
must be able to reach an interface where they can 
dissociate into an electron in one phase and a hole in the 
other in order to contribute to the photocurrent.  When Lex 
<< 1/α, where α is the absorption length, the only way to 
absorb most of the light within Lex of an interface is to 
nanostructure the interface.[2]  This is the strategy 
employed in bulk heterojunction cells where Lex < 10 nm 
while α > 100 nm-1.  Since charged defects are expected 
to be efficient quenchers of excitons, it is perhaps not 
surprising that Lex in the π-conjugated polymers is so 
short.  If the total charge density in P3HT is ~1018 cm-3, 
the average distance between charges is only ~10 nm.   
 Treatment of P3HT with methoxide anion 
increases Lex slightly, however treatment with methyl 
cation increases Lex by a factor of ~2.  This suggests that 
bound electrons are more efficient quenchers of excitons 
than bound holes.  The changes in μp for the two 
treatments (Table 1) also suggest that bound electrons 
diminish the hole mobility far more than bound holes.  
This seems reasonable since a free hole will be repelled 
from a bound hole and thus tend to go around it, while it 
would be attracted to a bound electron and tend to be 
trapped by it or recombine.   
 

Bulk heterojunction OPV cells 
 

 A number of OPV devices were made with the 
Me2SO4-treated and untreated P3HT blended with PCBM.  
The bulk heterojunction cells were of a standard 
configuration:  ITO/Pedot-PSS/P3HT-PCBM/Al.  On 
average, there was little difference between treated and 
untreated P3HT cells.  This may be because the bulk 
heterojunction cells are already optimized for untreated 
P3HT and are not limited by either of the parameters 
improved by the treatment, Lex and μp (the cells are 
limited primarily by Voc).  There was, however, in some 
samples a dramatic improvement in the stability of the 
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OPV cells under 1 sundevices in air with the treated polymer.  Figure 2 shows 
that when processed in air rather than in the glovebox, the 
untreated polymer cell is strongly degraded while the 
treated material actually improves slightly compared to 
the glovebox-prepared cell.  This is an important result 
since the stability of organic semiconductors and OPV 
cells is a major concern. 
 

Defects in molecular semiconductors 
 
 Our chemical treatments of P3HT resulted in 
only small changes in charge density in the films, less 
than an order of magnitude, and this was not sufficient to 
result in major changes in OPV cell performance.  A 
recent paper from the Peumans group, however, reported 
major changes in OPV cell efficiency upon rigorous 
purification of a molecular semiconductor, perylene 
bisphenethylimide, PPEI.[4]  In a bilayer heterojunction 
cell with copper phthalocyanine as the “p-type” material, 
the efficiency decreased 170 fold after rigorous 
purification of the PPEI.  The authors ascribe this to a loss 
of adventitious n-type dopants upon purification which led 
to a sharp decrease in electric field across the 
heterojunction.  The interfacial field was necessary to 
avoid geminate recombination of the Coulombically bound 
electron hole pair created by exciton dissociation at the 
interface.  Thus it was the adventitous defects that 
allowed the impure material to function efficiently.  It is 
worth noting that similar interfacial recombination in a 
P3HT/PCBM bulk heterojunction is apparently prevented 
only by the large amount of thermal energy (~0.9 eV) 
released when excitons dissociate in this system.  This 
loss of energy is primarily responsible for the low Voc in 
these cells.  Unfortunately, a number of similar polymers 
that lose only 0.6 - 0.8 eV upon exciton dissociation show 
a greatly diminished yield of separated carriers.[5]  
Apparently, losing at least ~0.9 eV of energy is required to 
obtain efficient charge separation in the current 
generation of bulk heterojunction cells. 

Figure 2.  J-V curves of four bulk heterojunction 
OPV cells under 1 sun illumination:  two controls 
with untreated P3HT and two with Me2SO4-treated 
P3HT.  One of each was prepared entirely in the 
glovebox while the other two were prepared in air.  

 
CONCLUSIONS AND FUTURE DIRECTIONS 

 
 Researchers are just beginning to realize the 
extent to which the properties of exctionic semiconductors 
are governed by defects.  Most theoretical models 
continue to ignore the presence of trapped and mobile 
charges in these materials.  We measured the 
concentration of free holes in P3HT (pf ≈ 7 x 1016 cm-3) 
and employed that to estimate the total charge density 
(1018 – 1019 cm-3).  Of course, there must be 
approximately equal quantities of positive and negative 
charges, and many of them will be somewhat mobile, 
unlike true dopants.    We introduced chemical methods to 
treat P3HT that improved the exciton diffusion length, 
carrier mobility and polymer stability.   
 The presence of a large quantitiy of adventitious 
dopants in the form of charged defects greatly increases 
the conductivity of XSCs and also can create an electric 
field at a heterojunction sufficient to separate 
photogenerated charge carriers.  However, since the 
“dopants” are not necessarily bound to the lattice, such 
junction fields may disappear over time.[1]  Currently, the 

most efficient OPV cells are based on highly defective 
materials, probably because only these are “doped” highly 
enough to function well.  It appears that, yes, the defects 
do make them work.  But these same defects quench 
excitons, decrease carrier mobility, make the materials 
unstable toward photo-oxidation, etc.  A new approach 
seems necessary before the true potential of OPV can be 
realized.  Employing highly pure XSCs doped with 
purposely added and immobile dopants seems like a 
superior method of creating efficient and stable OPV cells.  
The synthesis and characterization of the first generation 
of such materials is in progress. 
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