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Studies of Organic Semiconductors 
for 40 Years-VI 
M. POPE 
Chemistry Department and Radiation and Solid State Laboratory, New York University, New York, 
U.S.A. 

INTRODUCTION 

Although isolated studies of organic semiconductors and photoconductors were 
made starting from the beginning of this century, there was no comprehensive 
theory to rationalize the results. The publication of the book by Mott and Gurney' 
explaining the electronic properties of ionic crystals in quantum mechanical terms 
played a significant role in establishing the latter part of 1940 as the beginning of 
modern studies of organic semiconductors. 

The renaissance of organic conductivity did not originate in the United States. 
The countries most often associated with this aspect are the U.S.S.R. and England. 
However, it is interesting to note that the first practical use made of organic 
conductivity was in electro-photography. This became known as the Xerox process 
and it was patented in the U.S. in 1938 by Chester F. Carlson. This revolutionary 
invention made use of anthracene as the photoconductor. This organic compound 
was displaced by selenium, and the rest is history. It is remarkable in retrospect 
to note that at the same time that the groundwork had barely been laid for under- 
standing the properties of the poorly conducting organic compounds, the first 
discoveries were made by Akamatu and Inokuchi of the more highly conductive 
donor-acceptor complexes. The current explosion of research in the area of high- 
conductivity materials can trace its origin to this early work of Akamatu and 
Inokuchi in Japan. It is a matter of extreme sadness that Professor Akarnatu did 
not live to celebrate this noteworthy occasion. In a major sense, this paper is 
dedicated to his memory. 

The task of recording the most significant events in the history of conductive 
studies in solid organic systems in the U.S. from 1948 to 1988 is formidable. It is 
inevitable that there will be errors of commission and of omission. I apologize in 
advance for these errors, and trust that future reviewers will correct them. In  order 
to fit this review into this allotted space, the following restrictions have been 
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90 M. POPE 

adhered to: discoveries and innovations made outside the U.S. will be mentioned 
only in passing. Conductivity in organic liquids will not be discussed, with few 
exceptions. In addition, only work that relates directly to conductivity will be 
discussed; thus, spectroscopy in all its forms is not included, and the field of excitons 
will not be included except insofar as excitons participate in the production and/ 
or excitation of free or trapped carriers. Finally, the emphasis herein will be on 
work that produced a qualitative change in a particular field. A more comprehensive 
review of the important work in organic conductivity has been reported on by Pope 
and S ~ e n b e r g . ~ . )  

Rather than presenting an overall chronology of events, I will discuss a few areas 
of research and include the chronology within these areas. Thus I will discuss 
photogeneration of carriers, current-voltage behavior, trapping, carrier recombi- 
nation, carrier transport, highly conductive polymers, radical-ion complexes, su- 
perconductors, and some miscellaneous subjects. 

PHOTOGENERATION OF CARRIERS 

The first studies of organic semiconductivity in the U.S in which the concepts of 
solid-state physics were used were carried out by N e l ~ o n , ~  who worked with thin 
films of triphenylmethane dyes. The early studies with dyes and phthalocyanines, 
which started in the USSR and England were probably based on the structural 
similarity between these compounds (particularly the phthalocyanines) and chlo- 
rophyll. The underlying expectation was that photosynthesis could be better under- 
stood by using the concepts and methods of solid-state physics. However, the 
utilization of such concepts depended upon the existence of such basic information 
as the magnitude of the band’gap, and the roles of excitons, carrier mobility, 
recombination and electrodes; this information was not available and thus it was 
not possible to develop and test suitable theories to explain and to guide further 
studies. -Furthermore, despite the attractiveness of the dyes and phthalocyanines, 
there were difficulties with reproducibility, a dependence on the nature of the 
ambient gas, and the question of material purity; this apparently shifted the at- 
tention of physicists and chemists to single crystal organic materials, chiefly an- 
thracene. The studies with anthracene began in the late 1950’s. 

A major uncertainty was the magnitude of the band gap, or the minimum energy 
required to produce completely separated and mobile carriers in the bulk of the 
crystal. The association of the onset of photoconductivity with the absorption 
spectrum led some investigators to the conclusion that the band gap energy was 
identical with, or even less than that of the first excited singlet state. With the 
discovery of electrol~minescence~ in anthracene crystal, it became possible to re- 
solve this question. This was done independently at  the same time by Sano et a16 
and Helfrich and Schneider’ who showed that the recombination of holes and 
electrons resulted in the emission of the same fluorescence as that produced by 
optical excitation of the first excited singlet state; the band gap in anthracene thus 
had to be greater than 3.1 eV. 

It was known that singlet excitons could induce photoconductivity in anthracene. 
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STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 91 

Since excitons were mobile and energetic, it was possible for them to participate 
in a wide variety of processes, the end result of which would be the production of 
either one or two free carriers (a hole and an electron) inside the solid depending 
upon whether the excitons reacted with a surface structure or in the bulk of the 
crystal with each other, or with a photon. Choi and Rice* made the first theoretical 
study of the exciton-exciton annihilation process and estimated the bimolecular 
rate constant for the singlet exciton-exciton carrier generation process. The first 
experimental demonstration of an intrinsic carrier generation process in anthracene 
was made by Silver et aL9 In this experiment, a singlet exciton was ionized by an 
absorbed photon.1° The first example of intrinsic ionization produced by a singlet- 
singlet exciton annihilation mechanism was made by Pope er al. ,I1 and Bergmann 
et a/.’* The first demonstration of a direct photogeneration process in which an 
absorbed photon created a separated hole-electron pair was made by Castro and 
Hornig.I3 This clearly established the band gap of anthracene as being equal to or 
greater than 4 eV. Important corroborative work was done by Chaiken and Kearns.14 
In the meantime, the one-electron band theory seemed to be successful in ration- 
alizing some of the mobility data, so it was natural to expect the intrinsic carrier 
generation step to be a single step valence band to conduction band (BB) transition 
as is the case in the inorganic crystalline system. However, this view was challenged 
by Pope15 and his colleagues, who proposed a two-step process involving the au- 
toionization of an intermediate molecular state. A quantum mechanical theory of 
autoionization was provided by Jortner.16 A two-step process is the accepted mech- 
anism at present; in the energy range below the band-gap, Bounds and Siebrand” 
in Canada showed that the first transition is to a bound charge transfer (CT) exciton 
state which then dissociates thermally to produce carriers that must overcome 
geminate recombination. The search for the important CT exciton, which is an 
intermediate state in the generation and recombination process was carried out 
theoretically and experimentally. Important ideas were contributed by Merrifield,18 
Choi et af.,19 Ewing and Kearns,20 and Hernandez and Choi.21 The first use of 
electroreflectance spectroscopy to detect a CT transition in a homomolecular crystal 
was made by Abbi and Hanson.22 The first calculation showing that the CT state 
lay above the first singlet exciton state in anthracene was made by Berry et 
The first experimental evidence for the existence of the CT exciton, in which its 
energy and estimated lifetime were given, was provided by Pope et ~ 7 1 . ~ ~ ~  Firm 
theoretical limits to the combined values of the CT exciton lifetime and energy 
were given by Morris and Silver.24b 

Charge injection, space charge limited currents (SCLC), and trapping 

The passage of current through an insulator is almost always accompanied by the 
accumulation of space charge consisting of excess free and trapped carriers. In 
addition, the contacts introduce unknown voltage drops. The contact problem and 
the space charge complicate the interpretation of the current-voltage (J-V) re- 
sponse. The task of analyzing the J-V response was greatly simplified by the dis- 
covery of ohmic contacts to organic crystals; this eliminated the contact problem. 
This was done by Pope and Kallmann25 who developed the use of oxidizing elec- 
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92 M. POPE 

trolytic contacts such as Ce(SO,),(aqueous) and Ij(aqueous) for this purpose. In 
addition to making possible the passage of SCLC through the organic crystals, the 
use of electrolytic contacts started a new field of organic electrochemistry in which 
the organic material acted as the electrode. The photovoltaic effect in organic 
crystals was discovered by Kallmann and Pope,26 and the theory of the energetics 
of charge injection into organic materials was also laid out by Kallmann and Pope.26 

The discovery of charge injection into organic insulators made possible the sys- 
tematic study of the J-V relationship in both dark conductivity and photoconduc- 
tivity. This was first done for organic crystals by Mark and Helfri~h,,~ using the 
theories of Rose2* and Lam~er t . ,~  Mark and H e l f r i ~ h ~ ~  provided a solid basis for 
understanding the effect of light intensity on SCLC, the energetic distribution of 
trapping states, and the spatial distribution of carriers within the crystal. Using the 
carrier mobility, Mark and Helfrich were able to calculate the density of free and 
trapped carriers. 

Although it was possible to deduce the trap depths using SCLC technique, it 
was even more desirable to know the identity of these traps. The first work in this 
direction was that of Hoesterey and LetsonM who took anthracene of extreme 
purity and added known amounts of impurities such as tetracene, anthrone, and 
anthraquinone, which are the most probable contaminants of anthracene. They 
showed that impurity levels as low as 10 ppm had a drastic effect on the carrier 
lifetimes. They were able to calculate the cross-section of capture of electrons and 
holes for each impurity trap, and in addition showed that the hole band width was 
indeed of the order of kT by calculating the density of states in that band; it was 
equal to the molecular density. This was consistent with the band theory of an- 
thracene conductivity. 

A major advance in the understanding of detrapping of carrier by excitons, 
particularly triplet excitons was brought about by Merrifield and his colleagues in 
their development of the theory of magnetic field effects on the interaction of 
triplet excitons with triplet excitons, and other paramagnetic species, such as free 
radicals and charge carriers.31J2 This theory was first applied by Geacintov ec ~ 1 . ~ ~  
to reveal the unequivocal triplet exciton signature in a carrier detrapping process. 

The first studies of transient SCLC in anthracene were made by Silver et ~ 1 . ~ ~  
in the U.S. and Helfrich and Mark in Germany.35 The role of crystal defects as 
traps was demonstrated by the transient SCLC studies of Weisz et ~ 1 . ’ ~  who dem- 
onstrated that these defects appeared as fast trapping site which could be annealed 
out of the crystal, thus identifying them as crystal defects. 

CHARGETRANSPORT 

The earliest measurements of conductivity were often difficult to duplicate not only 
in different laboratories, but in the same laboratory. This was in most part due to 
the presence of impurities whose identity and concentration were unknown. A 
development of first-rate importance, marking the beginning of unusually repro- 
ducible experimental studies, was the introduction of zone-refining as a technique 
for the purification of organic compounds; this was done by Sload7 in 1960. The 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
04

 1
9 

Fe
br

ua
ry

 2
01

3 



STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 93 

impurity level was reduced thereby to the range of one or two parts per million, 
and in addition since this process also concentrates impurities in one small section 
of the crystal sample, it was possible to identify the impurities that were present.38 
With the appearance of highly purified anthracene came the first dependable meas- 
urement of the drift mobility of electrons and holes. This was done by Kepler39 
and LeBlanc.40 Kepler carried out a more complete studf' in which he measured 
the temperature dependence of the mobility in the chief crystallographic directions. 

The existence of reliable measurements of drift mobility and its temperature and 
crystal direction dependence led to the first significant one-electron band theory 
calculation of the mobility; this was made by LeBland'* who simplified matters by 
assuming one molecule per unit cell in anthracene, instead of two. One puzzling 
result was that despite the success of the theory in calculating the mobility and its 
anisotropy, the bandwidth was so narrow (-0.6 kT) that the scattering length was 
of the order of the intermolecular distance, which normally should have ruled out 
the applicability of band theory. A more exact band theory was developed by Katz 
el They were able to calculate the ratios of the mobilities to each other. They 
found good agreement between theory and experiment for holes in all crystallo- 
graphic direction, and for electrons in the a and b directions. Agreement was poor 
in the c' direction. The central question posed by Glaruma was whether the carrier 
transport could best be described within the context of the standard band theory 
that was so successful with inorganic semiconductors, or whether the transport 
represented a random hopping motion from one site to a neighboring site. This 
question has not yet been completely resolved. 

who extended the polaron 
theory introduced by Holstein46 to include quadratic electron-phonon coupling. 
This introduced the notions of polaron mobility. The first attempt at a calculation 
of the mobility, with no adjustable parameters, was made by fried mar^,^^ who used 
only elastic longitudinal acoustic mode phonon scattering. The magnitudes and 
anisotropy of holes and electrons in the ab plane were in reasonable agreement 
with experiment. There was however, no resolution of the conflict between theory 
and experiment in all crystallographic directions. Friedman also used band theory 
to predict unusual magnetic and thermoelectric responses; thus, since the allowed 
energy bands were so narrow (<kT), a carrier could be moving at the top of the 
band where its effective mass would be negative. This would lead to anomalies in 
which the Hall potential for electrons would have the hole sign and vice versa. The 
first Hall effect measurements in organic crystals were made by Heilmeier et ~ 1 . ~ ~  
and by D r e ~ n e r . ~ ~  They reported anomalies, but these experiments were too dif- 
ficult to continue. 

One of the few methods for measuring the absolute magnitude of the effective 
mass is that of cyclotron resonance absorption. This extremely difficult experiment 
was carried Out by Burlandso who found that the effective mass of the hole was 
eleven times the free electron mass. From this value of the effective mass, a hole 
mobility was estimated at 2K to be -lo4 cmZV-'s-'. This is a high mobility, but 
recent experimental results obtained by Warta and Karls1 in Germany, who pre- 
pared ultrapure crystals, has yielded mobilities that approach lo3 cm2V- ls-l.  

Although the mobility of the hole in anthracene was shown to be bandlike in all 

An important advance was made by Silbey et 
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94 M. POPE 

dire~tions,4'.~~ the calculated mobility of the electron in the c' direction, pc.co = 0 
did not agree at all with the measured value of 0.4 cm2V-'s-'. An important 
contribution to the solution of the electron mobility problem was made by Schein 
et al.52 who observed the first transition from band motion to hopping motion for 
the electron in the c' direction in naphthalene for T = 100 K. Below 100 K, pceCr 
increased with decreasing temperature. Above 100 K, pc.c. was constant as the 
temperature increased. In addition, in anthracenes3 for T > 78 K,  there was es- 
sentially no temperature dependence for the observed electron mobility in the c' 
direction. Schein el al. also carried out a series of experiments involving the field 
dependence54a and deuteration dependence54b of the mobility that posed severe 
challenges to any theory purporting to explain the electron mobility in naphthalene 
and anthracene. Andersen et al. ,5s showed that by assuming dominant longitudinal 
acoustic phonon-electron scattering, it was possible to obtain the observed p a 
T-3n dependence for electrons in all crystallographic directions in naphthalene for 
T C 100 K. However, the lack of a temperature dependence in anthracene and 
naphthalene for T > 100 K was still unexplained. A basis for understanding this 
lack of temperature dependence was provided by S u m P  with his idea of a tem- 
perature-dependent overlap integral arising from the rotation of the molecules 
around the moving carrier. More recently Silinsh5' has used a nearly-small polaron 
approach to explain the T > 100 K results. 

CARRIER RECOMBINATION 

It had been noticed by several investigators that the quantum efficiency of intrinsic 
carrier generation was quite small, due mainly to the low probability of separation 
of the newly created hole-electron pair (geminate pair). A major breakthrough in 
arriving at a quantitative understanding of this was reported in a series of papers 
by Braun and c ~ w o r k e r s , ~ ~ . ~ ~  who used the treatment of geminate recombination 
of electrons and ions given by OnsageP in 1938. Chance and Braunsg (1973) showed 
conclusively that the Onsager theory (1938) of geminate recombination was the 
most suitable continuum theory to use to explain the field dependence of the 
photocarrier yield certainly in anthracene, and undoubtedly in most organic crys- 
tals. Similar results had already been found in liquids.61 In passing, it must be said 
that the pioneering work of Mozumder62 on geminate recombination in liquids, 
and now in solids, in which the thermalization process itself was included, was of 
great assistance to theorists working in solids. Again, in organic liquids, Braun and 

made the first real-time study of the recombination of geminate cation- 
electron pairs, using a ps laser. 

More recently, the Onsager 1934 theory" has been used to explain the field 
dependence of the carrier yield when the final state of recombination was a small 
radius charge-transfer exciton or exciplex with a lifetime long enough to be con- 
sidered as a source of electrons in the presence of an applied field. The importance 
of using the Onsager 1934 theory instead of the 1938 theory was pointed out by 
Geacintov and Pope,65 Pope and Swenberg2 (p. 739); however, the definitive ap- 
plication of the Onsager 1934 theory to this problem was made by Braun.& When 
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the 1938 theory was used to explain the ionization efficiency in donor-acceptor 
(D-A) crystals, an electron-hole thermalization distance of 2 to 3 nm was obtained. 
However, optical excitation of such a crystal was known to produce a CT state 
with a nearest neighbor separation of 0.5 nm. Braun showed that reasonable values 
for the ionization efficiency in (D-A) crystals could be obtained without the need 
for invoking large thermalization distances. 

The Onsager theory of geminate recombination is a continuum theory that as- 
sumes a point sink at  the origin (which contains the hole) and an initial distribution 
of free carriers at a characteristic distance r, from the origin. However, the real 
situation corresponds to a crystal with a lattice; this implies discrete jumps usually 
in preferred directions. The first quantum mechanical solution of the problem of 
geminate recombination on a face centered cubic lattice (f.c.c.) and more recently 
on a simple cubic lattice (s.c.) was given by Rackovsky and S ~ h e r . ~ ~  Geminate 
recombination was treated as a random walk on lattice sites in the presence of both 
an external and Coulomb field. Molecular parameters were introduced, such as 
wave function overlap, energetic differences between sites, and electron-vibrational 
interactions which determine the relative transition rates to neighbors. One im- 
portant conclusion emerging from this treatment is that &, and r, as calculated 
using the Onsager theory do not give physically meaningful values of the primary 
photoionization yield and thermalization distance respectively. These important 
papers by Rackovsky and Schef17 also point out sources of error in simulation 
studies of recombination. 

HIGHLY CONDUCTIVE POLYMERS 

The study of electronic conductivity in organic polymers was revolutionized in 1977 
by the discovery by MacDiarmid et ~ 1 . ~  that the conductivity of polyacetylene could 
be varied from to lo3 S cm-' by suitable doping with donors and acceptors. 
A typical acceptor would be A s F , ~ ~  and a typical donor would be sodium. These 
dopants introduce mobile charge carriers into the welectron system of the host. 
More recently, chiefly because of the ability to prepare high-purity polymers with 
very few sp3 defects (which occur at the ends of the chains, or at crosslinks) first 
accomplished by Naarmann70 in Germany and by Basescu et ~ 1 . ~ '  in the U.S., it 
has become possible to prepare doped polyacetylene with a room temperature 
conductivity that is equal to or greater than that of copper. Conductivities of 1.5 
x lo5 S cm-' have already been reached,71 and since the temperature dependence 
of the heavily doped polyacetylene is still not characteristic of a metal,71 the im- 
plication here is that with more assiduous purification, the conductivity could exceed 
that of copper, which is 5 X lo' S cm-' at room temperature. A calculation by 
Kivelson and Heeger72 of the intrinsic limit that would be placed in doped poly- 
acetylene by virtue of phonon scattering yielded a value 2 x 106 S cm-'. 

As for the mechanism of carrier transport, there seem to  be several depending 
on the degree of doping. For undoped or lightly doped (CH),, transport is via 
 soliton^.^^,^^ The soliton is a new concept in organic conductivity. This state results 
from the fact that in trans-polyacetylene, the ground state is doubly degenerate. 
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96 M. POPE 

When both states exist on the same polymeric strand a defect appears in the form 
of a kink, where two single bonds are formed adjacent to each other. This kink is 
mobile, and constitutes the soliton. The injection of a hole or electron into poly- 
acetylene creates a charged soliton and this is the entity that carries the current. 
The theory describing the movement of the charged soliton from one polymer chain 
to an adjoining one, referred to as intersoliton hopping, was worked out initially 
by K i v e l ~ o n . ~ ~  

At higher dopant levels (0.01-0.04 dopant molecules per C atom), transport 
appears to be one of variable range hopping among states near the Fermi energy.76 
At still higher dopant levels (> 0.05 dopant molecules per C atom), the polymer 
was first described as a dirty metal, in which disorder is introduced by doping,” 
and more recently as an anisotropic in which the dopant has been shown 
to contribute very little to the electron scattering process that would disrupt the 
metallic conductivity. 

In many polymers, such as poly(p-phenylene), a degenerate ground state does 
not exist, eliminating the possibility of soliton formation. Nevertheless, a spinless 
conductivity is observed, similar to that of soliton conductivity. For these com- 
pounds, a polaron-bipolaron model theory was proposed by Bredas et al. ,79 which 
accommodates the experimental results observed with these compounds. 

RADICAL-ION COMPLEXES 

The original highly conductive organic compounds were the charge-transfer com- 
plexes of Akamatu and Inokuchi.80 These were donor-acceptor complexes in which 
the donors (D) and acceptors (A) are arranged as sandwich compounds with the 
sequence . . . .DADADA. . . . . The development of what have been referred to 
as organic metals began with the discovery of the properties of tetracyanoquino- 
dimethane (TCNQ) and its salts by Acker el aL81 This compound crystallizes in 
the form. of a stack of molecules with their planes parallel to each other, and with 
intermolecular distances smaller than the van der Waals separation of -3.4A. The 
most characteristic feature of this high conductivity is that the carrier transport is 
restricted in its dimensionality. The molecules that are arranged parallel to each 
other in stacks permit easy transport along the stack, but not in the direct per- 
pendicular to the stacks. This type of conductivity is referred to as one-dimensional 
or 1-D. 

The next important development was the discovery of tetrathiafulvalene (TTF) 
by Wudl et aL8* This compound crystallizes in stacks like those of TCNQ, and the 
combination of l T F  as a donor and TCNQ as an acceptor to create the first organic 
“metal” was accomplished by Ferraris et and Coleman et aLW This was the 
first organic metal in the sense that the conductivity of this compound increases 
as the temperature decreases although at a certain temperature, a metal-insulator 
transition occurs, and the conductivity drops radically. At its maximum, in these 
early compounds, the conductivity was 9000 S cm-’. These compounds represented 
a new class of compounds referred to as radical-cation salts, and they introduced 
the concept of one-dimensional conductivity. Compared with a typical conductivity 
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of -20 S cm-I for a perylene-1, CT complex, the radical-ion salt TTF-TCNQ 
exhibits a conductivity of 900 S cm-’. From the theoretical side, the contributions 
of S0oss5 and of Blochs6 should be mentioned. They pointed out the necessity for 
incomplete charge transfer on the D A  stacks for high conductivity. 

A major advance was made in the understanding of charge generation and 
transport in quasi one-dimensional (1-D) materials by a series of studies first un- 
dertaken by Miller and Epsteins7 who prepared a model 1-D system with the 
composition [NMP], --L [Phen], [TCNQ], where NMP = N-methylphenazinium, 
Phen = phenazine, and TCNQ is tetracyanoquinodimethane. This system of com- 
pounds is isomorphous with the well-characterized [NMP] [TCNQ] system, but the 
phenazine is inert as an electron donor or acceptor. The substitution of phenazine 
permitted the variation of the degree of band filling continuously from the half- 
filled to the quarter-filled case. With this fine control of band-filling, it was possible 
to provide a direct demonstration of the existence of solitons in charge-transfer 
salts. Disorder in the donor stacks was shown to be of no significance to conduction 
in the acceptor stacks. A news8 single transport model of conductivity based on a 
mobility that increases with decreasing temperature and a carrier concentration 
that increases with increasing temperature was developed; this explained a tem- 
perature dependent conductivity maximum formerly attributed to a metal-insulator 
transition often observed in 1-D systems. 

ORGANIC SUPERCONDUCTORS 

The idea that high temperature (T,) superconductivity could be attained in organic 
materials was first proposed by Little.89 He suggested that an attractive potential 
between conduction electrons could be produced by an intramolecular polarization, 
producing an effect similar to that of lattice phonons in the creation of Cooper 
pairs. In view of the fact that this would involve excitons instead of phonons, Little 
calculated that the binding energy of the pair would be greater, which would lead 
to a higher T,. Although no molecule has as yet been synthesized that successfully 
incorporates Little’s ideas, he generated considerable interest in this field. Super- 
conductivity has been attained in quasi-1D organic materials, but the mechanism 
is different. 

The first superconductive organic materialsg0 (TMTSF),PF6 were not discovered 
in the U.S. ,  although the first proof that superconductivity was attained at elevated 
pressure in this material was obtained in the U.S.91 The (TMTSF), cation contains 
selenium; for some time, only the selenium-containing compounds showed super- 
conductivity. The first non-Se containing organic superconductorg2 was the salt 
(BEDT-TTF),(Re04)2, where the cation contains sulfur instead of selenium. This 
increases the possibility of deducing the requirements for the attainment of su- 
perconductivity in organic materials. 

The first polymeric superconductor was poly-sulfur nitride (SN),. Although it is 
not an organic system, it is an infinite .rr-bonded, non-metallic system. Following 
the initial discovery of its metal-like temperature d e p e n d e n ~ e , ~ ~  it was found to be 
superconductive at -0.3Kg4 
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ELECTROPHOTOGRAPHY 

The first practical single layer organic system to be used in electrophotography was 
a complex of poly-N-vinyl carbazole(PVK) and 2,4,7 trinitro-9-fluorenone (TNF) .95 

Another important single-layer system was the molecularly doped two-phase ag- 
gregate photoconductor consisting of a thiopyrilium dye and a polycarbonate polymer% 
in an amorphous phase of triphenylmethane in the polycarbonate polymer. It is 
clear that in the face of the almost infinite variety of polymers and dopants that 
can be synthesized for application to electrophotography, it is essential that there 
be a consistent, reliable and easily applicable theory for making the proper choices 
of materials to synthesize. Seminal work in this area was carried out by Duke and 
M e ~ e r . ~ '  

The first detailed study of mobility in an organic polymer was made by 
Regen~burger'~ on PVK. A seminal contribution was made by Scher and Montr011~~ 
who rationalized the interpretation of transit time measurement in polymeric sys- 
tems, in which dispersive transport is a dominant feature. Their theory is of uni- 
versal relevance to all amorphous systems. A remarkable recent finding that dis- 
persive transport is not an inescapable property of systems such as molecularly 
doped polymers was made by Stolka et aI.,'O') and Schein et ~ 1 . ; ~ ~ ~  by careful 
purification of all materials, they obtained non-dispersive transients. 

MISCELLANEOUS 

Although not strictly a conduction phenomenon, Chittipeddi et al. synthesized the 
first linear chain organic molecular compound with a ferromagnetic ground state,*O* 
namely the charge-transfer complex decamethyl ferrocenium tetracyanoethenide 
(DMeFcTCNE). This compound exhibits a spontaneous magnetization for T < 
4.8K; the saturation magnetic moment in the presence of an applied field was 1.64 
x lo4 emu G/mole, indicating the formation of ferromagnetic domains. The theory 
that best explains this phenomenon was given first by M ~ C o n n e l l . ~ ~ ~  

Unfortunately, space limitations prevent discussion of the emerging field of mo- 
lecular electronics in which micro-assemblies of organic molecules are synthesized 
to achieve a desired function. Novel applications of this approach are being made 
by Wrighton,lM Heller,lo5 and otherslo5 to create analogs of solid state devices that 
show selective response to chemical stimuli. In addition, the application of fractal 
theory to carrier recombination in restricted geometries has been pioneered by 
Kopelman.lM 

The future for organic conductivity seems assured. There are still fundamental 
questions unanswered, and superconductivity in organics is a sleeping giant. Me- 
tallic conductivity is in hand, and there is promise of surprises in theory and variety 
in practical applications, particularly those involving polymers. 

This work was supported by the Division of Biomedical and Environmental 
Research of the Department of Energy. Acknowledgement is made of useful dis- 
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cussions with F. Wudl, A. J. Epstein, A. J. Heeger, C. L. Braun, L. B. Schein, 
and N.  E. Geacintov. 
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