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We describe h thod for dopi lecul i S |®
e describe here a method for doping molecular semi- X o~
conductors in which the dopant forms an integral part of the ~™>" o™~ '@’ X "—\’0/\§1-
semiconductor lattice and does not contain any mobile ionic ° °
species. Molecular semiconductors (MSCs) are finding increasing n-type dopant

interest, partly because of their recent use in light-emitting diodes,
electronic circuit elements, and solar céli$ A few MSCs, such fit in the MSC lattice as well as one whose counterion is
as naphthalene diimidéand phthalocyaninéshave been doped  covalently bound. This is a necessary first step toward making a
to metallic levels, while most are studied without any intentionally true molecular p-n junction. Using this compound, liquid crystal
added dopants?®7 But the vast and potentially useful semi- perylene diimide films have been controllably doped n-type over
conducting range, between the intrinsic material and the moleculara wide concentration range. The preparation of the dopant and
metal, remains virtually unexplored. Although doping is infeasible preliminary studies of the conductivity of doped films are
in molecular electronic devickand undesirable in field effect  described.
transistorg;® it can be vitally important to other applications such To dope organic semiconductors in a manner analogous to the
as organic solar celf$. doping of inorganic semiconductors, the following four conditions
Individual MSCs are often described as being either p-type or should be satisfied: (1) the dopant is fixed in the semiconductor
n-type, but this description is more ambiguous than when applied |attice, (2) there are no mobile ions in the film, (3) the dopant is
to inorganic semiconductors. For example, dopants in MSCs arenot chemically so distinct from the host that it will tend to phase
generally adventitious and unidentified, their type and concentra- separate from it, and (4) the dopant does not form a deep electrical
tion being inferred from electrical measureme¥ftd! There are  trap, that is its oxidation and reduction potentials must be similar
relatively few examples where an MSC containing a known to those of the host. Our approach to realizing these four
concentration of a known dopant has been prepared and studiedeonditions is to synthesize a zwitterionic dopant that is a reduced
although there are some examples of surface-doping by exposing(for n-type) or oxidized (for p-type) derivative of the host
the film to an oxidant?**In most cases where the dopant was molecule. The dopant has a covalently bound counter charge
known, for example oxygen in phthalocyanih&$ or bromine attached to the periphery of the molecule, not in conjugation with
in pentacené? the dopants were volatile and mobile species that the chromophore where it would alter the electronic structure and
were not bound to the semiconductor lattice. Therefore, the disturb the crystal packing. As a first example, we have
equilibrium concentration of dopants in these MSCs depends on synthesized the n-type dopant shown in Scheme 1 to dope the
the concentration of doping species in the ambient, and the ability liquid crystal perylene diimide, PPEEBY
of dopants to move through the film results in spatially and  The synthesis of PPEEB was reported previod&lithe
temporally unstable electrical junctions. Both fundamental studies synthesis of the dopant precursor (Scheme 1) is described in the
and the long-term stability of devices are limited by this approach. sypporting Information. To produce the zwitterionic, mobile-ion-
As is generally the case with inorganic semiconductbrtiie free dopant, the dopant precursor was dispersed as a powder in
stability of an organic pn junction depends on thienmobility dry tetrahydrofuran (THF) at room temperature in an inert
of the dopant ions (and, in general, on the absence of any mobileatmosphere glovebox. Sodium was added to reduce the perylene
ions), a condition that has only raréfif ever, been metin doped  giimide, and the suspension was stirred for several hours. The
MSCs. We report here the first example of a dopant designed to pyogress of the reaction was monitored by the color of the
T Also at Department of Chemistry, Metropolitan State College of Denver, Solution/suspension: the precursor is reddish brown, the desired
Denver, CO 80204. monoanion of the perylene diimide (the dopant) is blue, and the
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per added dopant is much less than one. With increasing dopant
density, the potential wells around the dopants will begin to
overlap, decreasing the effective well depth and increasing the
fraction of free carriers. Thus, the conductivity should increase
faster than linearly with dopant concentration. But the unexpect-
edly systematic increase in with the square of the dopant
concentration suggests that a specific pairing mechanism may be
responsible; whether this involves pairing of dopants to produce
one charge carrier or pairing of charge carriers is not yet known.
The intercept of the fitted line in Figure b, = 4 x 10711
100 1000 10t S/cm for zero added dopant concentration, is near the value
Dopant concentration, ppm measured for pure PPEEB filmg,~ 10°1? S/cm!® suggesting
that the observed trend i continues to lower concentrations

. . o . ;
concentration. The equation for the best-fit power law curve through the than we measured. Doping of just 1% leads to an increase in

data iso = 4.1 x 1071 x [dopant concentratiofl. 1 ppm= 9.6 x 10 of ~10 'o.rd(?:‘rs of magnitqde. The activation energy for the
om=3. conductivity is a weak function of dopant concentration, decreas-
ing from 340 meV at 83 ppm dopant to 260 meV at 7600 ppm.
The activation energy includes contributions from both the
concentration of free electrons and their mobility.

Our doping process is somewhat similar to the “self-doping”
process in some metallically doped conducting polymers. For
example, poly(thiophene) derivatives have been reported with
pendant alkylsulfonate grougsUpon oxidation to the conducting
state, the cation of the sulfonate can be expelled resulting in a
conducting zwitterionic polymer containing (in principle) no
unbound counterions. Poly(ethylenedioxy thiophene)/poly(styrene
conductivity was measured from the slope of theV curve at sulfonat_e)z,l PEDOT-PSS, Is ar_lother example of a m_etalllcal_ly

conducting polymer that, in principle, does not require mobile

+10* V/cm. As spin-coated the films are in a quasi-amorphous . . X : .
red phase; after several hours they spontaneously transform intdo > and therefore could form stable junctions with n-type organic

a more highly crystalline black pha&g!’ This transformation is mallterials. It ;houldl bel p?)ssiblje to synt.hesiZﬁ mobilegion-:;ree
" : L polymers with covalently bound counterions that are doped to
g;\aa:‘ffi%tt%cri cl)afy ;gglgﬁ?ir? ; T[Eﬁs.(rjgg?gtbg::i ;ﬂgg:itrggit'%ﬂe?ﬁgs semiconducting, rather than metallic, levels. However, to achieve
conductivities reported here were measured in the black phase;’Or}'fg;?hdczﬂggn\ggﬁgjn rgf{gge;r:lte synthesis of a new polymer
Up to the highest doping densities yet attemptedi,mol %, we This method of dopin Mng.also should be applicable to
observe no evidence for phase separation of the dopant: thep type doping, and su?:h gxperiments are in progresngecause of
conductivity increases smoothly with increasing doping density, L2 : :
and there |)',5 no change in conc)i,uctivity with tirr?e (a[?tergthe regly- th_e necessity _for covalently bouf‘d counterions on the dopants,
to-black phase transition) this approach is not compatible with vacuum evaporation of MSC
Th P ductivi h. | d q h films and thus requires solution processable compounds. Solution
dopaﬁt Cé)c?ncuecnlt\rlggg (SFiZ\l/JVrSe aln) uirllléfg:singe pc?\?eregcs)rggrs gf processing is, however, a preferred method of making films for

. . . ; energy-sensitive applications such as solar cells.
magnitude for an increase in dopant concentratior@5b orders
of magnitude. Similar behavior, over a small concentration range,  Acknowledgment. We are grateful to the U.S. Department of Energy,
was observed recently in vanadyl phthalocyanine films doped with Office of Science, Division of Basic Energy Sciences, Chemical Sciences
a coevaporated oxida#t.As in the case of conducting poly-  PiVision for supporting this research.
merst*® Coulombic effects probably play a major role in the Supporting Information Available: Synthesis and characterization
doping process. Because of the low dielectric constant of organic of the dopant precursor and the dopant, drt/ curves of doped films
materials, and the relatively weak delocalization (small Bohr (PDF). This material is available free of charge via the Internet at
radius) of charge carriers, most of the added carriers will remain Nttp://pubs.acs.org.
electrostatically confined in the potential well surrounding the JA016410K
counter charge. Therefore, the number of free carriers produced (20) Patil, A. O.; Ikenoue, Y.; Wudl, F.; Heeger, A.ll.Am. Chem. Soc.

1987, 109, 1858.
(19) Organic Conductors. Fundamentals and ApplicatioRarges, J.-P., (21) Groenendaal, L.; Jonas, F.; Freitag, D.; Pielartzig, H.; Reynolds, J. R.
Ed.; Marcel Dekker: New York, 1994. Adv. Mater.200Q 12, 481.

<

0.001

%C»
<

0.0001

3
=

5‘\1
R%
O\

Conductivity, S/cm
2,
&&
SN

2
N\
<
[

Figure 1. Conductivity, o, of PPEEB films as a function of dopant

slope at higher potential. This is characteristic of a material where
electron transport is limited by thermal emission over energy
barriers, either at each crystal lattice site (hopping conductivity)
or at crystal defects or grain boundarieBhe shape of thd—V
curves, and their consistency over the whole range of dopant
concentration, showed that there was no significant electrical
junction formed at the PPEEB/electrode interface. Thus, the
measured conductivity is controlled by electron transport through
the bulk perylene diimide film, not by the contacts. The




