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Studies of Organic Semiconductors
for 40 Years—III

N. KARL
Universitat Stuttgart, 3. Phys. Institut, D-7000 Stuttgart 80, Fed. Rep. of Germany

In this article the author takes upon himself the task of unrolling a local history
of organic semiconductors in GERMANY. In doing so, he is well aware of the
fact that describing a national development can only highlight isolated spots which
are detached from the universal context. A composition of these mosaic stones to
reflect the international interrelations of scientific thinking and searching, consisting
always of giving and taking at the same time, can only be achieved by a synopsis
of all the contributions within this series. In this connection the critical review by
Pope and Swenberg! is worth mentioning which has solved this task for the years
until 1980 in an outstanding way; a compressed update of the same authors covers
the time until 1983.2 A data compilation of selected experimental results may be
found in Reference [85K1].

In the list of references of the present contribution only such work has been
incorporated that had its physical or mental origin in Germany. In view of the
great number of joint collaborations among authors of different nations, however,
the borderlines will appear rather artificial and arbitrary in some cases. —The
author has tried to completely cover the early literature from the very first beginning
until 1969. The very rapid increase in the subsequent years, however, forced se-
lectivity.

PREHISTORY

Photoconduction in organic crystals was discovered long time ago at the beginning
of this century (1906) by the Italian scientist Pochettino,? who did experiments with
anthracene, a material which much later (~1960) became the prototype of an
organic photoconductor for over 25 years or so. Two review articles have been
devoted solely to this substance (Kepler,* Karl [75K1]).

'Pope, M., and Swenberg, Ch.E., Electronic Processes in Organic Crystals (Clarendon Press, Oxford
1982).

?Pope, M., and Swenberg, Ch.E., Ann. Rev. Phys. Chem., 35, 613-55 (1984).

3Pochettino, A., Accad. Lincei Rend., 15 (1), 356 (1906) and 15 (2), 171 (1906).
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In Germany a problem of interest at that early time was whether such phenomena
as photopolymerization and fluorescence of organic substances had to do with a
preceding photoionization of the molecules. In order to clarify these questions,
Stark and Steubing [08S1] (see also [10S1]) at the University of Greifswald, and
Byk and Borck [10B1] at the University of Berlin investigated the external pho-
toelectric effect of solid anthracene and of a number of other fluorescing organic
materials. At the same time (1910) Kdnigsberger and Schilling at the University
of Freiburg/Brg. performed experiments on the electrical dark-conductivity of sev-
eral organic compounds [10K1]. These authors could not yet foresee that silicon,
whose conductivity they measured between —190 and 850°C at the same time,
should become much more famous than anthracene, which they studied between
room temperature and several degrees above its melting point. Whereas the dark
resistivity of the latter was “infinite” at room temperature for the experimental fa-
cilities available at that time, conductivity begun to become measurable at 200°C on
the quadrant electrometer used, which had a deflection of ‘0.7 mm per 0.001V"’ (!).
The conductivity increased by about one order of magnitude until the melting point
at 213°C and slightly more above. One remarkable conclusion was that of the
electronic nature of conductivity, derived from the absence of electrolytic polari-
zation and hence ionic conduction. In 1913 W. E. Pauli® in Gottingen studied the
external photoeffect in anthracene as a function of the exciting wavelength [13P1];
in course of his experiments he concluded from the charging and discharging be-
haviour of his samples (observed on an electrometer) that there was a room tem-
perature dark conductivity as well. M. Volmer, writing his Habilitation thesis at
the University of Leipzig, reported at the same time [13V1] that photoemission
from solid anthracene into vacuum required a wavelength shorter than 225 nm
(5.5eV) and was therefore obviously not involved in the normal process of fluo-
rescence emission. Simultaneously he had thus determined for the first time a (solid
state) ionization threshold of a highest occupied molecular orbital (HOMO), for
which the best present day’s value is 5.75(10)eV, cf. [85K1]. It is also remarkable
that he made an organic solid state photodetector by melting thin anthracene layers
between two platinum wires on a fused silica support. In contrast to the external
photoeffect, this photoconductivity set in already at longer wavelengths, parallelling
the anthracene VIS/UV absorption spectrum which begins at 400nm. In view of
potential molecular electronic devices, one minor detail still deserves mentioning:
protection against the attacks of oxygen and humidity could be achieved by a thin
cover layer of paraffine, which did not degrade the photoelectric properties of this
photocell.

From then on anthracene seems to have been forgotten for nearly 40 years, until
its scintillator properties, its potential use as (electrical) crystal counter for high
energy particle radiation and its model character for organic dyes used for sensi-
tization of alkali-vacuumphotocells and silver halide photographic emulsions were
recognized.

‘Kepler, R. G., Organic Molecular Crystals: Anthracene, in: ed. Hannay, N. B., Treatise on Solid
State Chemistry, 3 (Plenum Publ. Corp. New York 1976), 615-678.

*He is not the inventor of the “‘Pauli Principle.”
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THE ANTHRACENE AND NAPHTHALENE ERA

Dark and photoconductivity in presence of trapping and space charge

H. Pick of the colour center group of R. W. Pohl at Géttingen seems to have been
among the first in this country who extended their attention to organic semicon-
ductors at that time. The need for careful material purification and single crystal
growth was clearly recognized by him. With these prerequisites the anisotropy of
dark conductivity in anthracene was determined as o, : 0, : 0. = 1:1:0.19 (at
148°C) [53M1], a ratio which is surprisingly close to the (28°C, sign-averaged)
mobility anisotropy, measured with much greater effort much later (cf. {80K2]).

Dark and photoconductivity studies of anthracene were continued by several
authors [S7R1, 60B1, 61B1, 62H1, 65B1, 65B3, 67B1, 69B3, 70B1] and extended
to other aromatic crystals, such as naphthalene [54P1, 62B1], stilbene [56D1], and
pyrene [64B1, 65B2]. DC photoconductivity measurements were soon comple-
mented by pulsed time-of-flight experiments, first introduced into the organic field
by Kepler® and by LeBlanc.” With well zone-refined (cf. [80K1}) and highly perfect
single crystals, allowing charge carriers to drift across macroscopic distances (~1mm)
without being captured by chemical or structural traps, the time-of-flight method
proved to be a very versatile technique not only for the determination of anisotropic
electron and hole mobilities [62H2, 64B1, 65B2, 67B3, 67B4, 70H1], but also for
obtaining additional kinetic information on generation, recombination and trapping
of charge carriers [66B2, 67B3, 67B4, 68K1, 70K1, 72H2].

There is no problem in the field of organic photoconductors on which more time
and paper has been spent over all the years than on that of trapping. Trapping
leads to space charge and thus distorts the external electric field. Injection of space
charge [66R1], space charge-limited currents [62M1, 62M2, 67H3, 69B2], transport
with multiple shallow trapping (in conjunction with thermally activated detrapping)
[69S1, 75P1], thermally [64H3] and optically [75R1, 76K1, 78K1] stimulated cur-
rents, and the question of the chemical and physical causes [68B4, 75P1] and the
enérgetic distribution function of traps [63H2, 66B1] have worldwide kept busy
generations of researchers (and still do so). This is especially true for materials
which cannot (or could not yet) be brought to a sufficiently high purity level (an
overall purity of better than 99.9999% is often required for the study of the intrinsic
transport mechanisms in organic photoconductors, cf. [69S1, 75P1]).

ESTABLISHING THE BASIC PRINCIPLES OF PHOTOCONDUCTION

Light, excitons, electrodes and dye layers

The energy levels. First of all, ultraviolet photoelectron spectroscopy, UPS, is
a powerful method to determine the valence levels. E. E. Koch seems to be the
only one in this country who has applied this method on organic photoconductors
[79G1]. Photoinjection from metal electrodes with different Fermi levels has been

¢Kepler, R. G., Phys. Rev., 119, 1226 (1960).
"LeBlanc, O. H., Ir., J. Chem. Phys., 33, 626 (1960).
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used to determine the relative energy of the valence band edge and of the con-
duction band edge, and to derive from these data a band gap value for anthracene
[68B1, 68B2, 68B3, 68V1, 68V2, 69B1]. Dark injection from electrolytic contacts
with suitable redox potential can also give estimates of band energies [67B2, 69M1,
69M2]. Trials to learn about bands from hot carrier injection have been made
[72B1, 77S1]. From an evaluation of autoionization data of electronically excited
molecules a band gap of anthracene of 4.0eV and of tetracene of 3.1eV has been
obtained, in fair agreement with several other approaches. Transitions to homo
charge transfer states, detected by electromodulation spectroscopy under the strong
intramolecular Sy—S, absorption, have been used to extrapolate to the energy
needed for full charge separation [81S3, 83S2]; distinction has to be made between
optically created unrelaxed and adiabatically reached states, cf. [87S6].

Intrinsic charge carrier generation and recombination. There is a general agree-
ment since the ingenious investigations by Ch. Braun, USA, that intrinsic charge
carrier photogeneration in substances like anthracene is a stepwise process, where
first an initial “‘geminate” electron-hole pair, still bound by its mutual Coulombic
interaction, is created, which in turn is subject to the competing processes of
thermally activated and electric field-assisted full separation, and geminate recom-
bination. The details, however, namely the question of how and where the initial
pair is formed, and how the final diffusive process is correctly described (dimen-
sionality, dielectric anisotropy, cf. [71K2], scattering length, hopping site energy
distribution in disordered materials, etc.) have called for additional activities [83R1,
87R1, 87S6]. Moreover, charge carrier pair generation at metallic, electrolytic and
dielectric electrodes needed separate investigation [73H1, 74M2, 75H3, 75G1, 78C1].
Magnetic field modulation has been used as one special tool [82P1], high time
resolution as an other [82E1]. Recombination of non-geminate electrons and holes
constitutes an additional loss channel, which is important e.g. whenever charge
carriers are created at high density by strongly absorbed light; using the initial
recombination losses before the charge clouds of opposite sign are separated by a
field, allows one to extract the bimolecular recombination constant [71K1]. A nice
alternative is to let electron and hole clouds drift through each other and to observe
the losses time-resolved [67B3], cf. [74K1].

The role of excitons and sensitizers. The energy of a single exciton, albeit not
sufficient for carrier pair separation, can be used to create a single free charge
carrier, whenever an extrinsic level is available which lies energetically sufficiently
deep in the band gap to compensate for the lacking energy. Intrinsically, singlet
excitons can create mobile charge carriers only via bimolecular (in the light intensity
quadratic) collisional processes [69B3, 71B1]. At electrodes with suitable levels
(Fermi level of a metal [71K3, 72K1, 72K2, 74S1, 75G2], or molecular level of an
adsorbed dye molecule [68G1, 81M1, 81W1]) excitons can dissociate and leave
behind one free charge carrier in the organic crystal; hot holes created optically in
a metal electrode have also been made responsible for charge carrier injection by
light [75G1]. Excitation of an adsorbed dye molecule as a first step is an alternative
possibility [76G1]. Hole injection from an excited dye aggregate through an alkane
Langmuir-Blodgett barrier to anthracene end groups, adsorbed on an anthracene
crystal, has been studied with 100 ps time resolution [87W1]. Interaction of triplet
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excitons with trapped charge carriers can not only lead to free carriers, which can
be sensitively (10~!* A) detected as a current thus allowing an elegant measurement
of triplet absorption spectra [75SR1], the interaction also involves a nonstationary
(quartet/doublet) spin pair state, which gives rise to a modulation of the photo-
current by a magnetic field vector. The full triplet fine structure tensor of the
anthracene molecule in the Z-1 unit cell of an anthracene: pyromellitic-
dianhydride single crystal has thus been determined [79Z1].

Charge carrier transport. Charge carrier transport requires characterization by
the full, temperature dependent electron and hole mobility tensors, if necessary
(non-Ohmic case) at specified field strengths. The measurement of intrinsic, non-
trapping-influenced mobilities over extended temperature ranges and down to low
temperatures was only possible as extremely high purity single crystals of naph-
thalene and perylene became available [85K2, 85K3, 85W1, 85W2, 85W3], cf.
[84K1, 85K1]. The result, the first observation of non-Ohmic band transport with
comparatively high mobilities (several hundred cm?/Vs) and saturation of the drift
velocity at high electric fields at about 2-10° cm/s justified the extreme purification
efforts (up to 500 zone passages in several zone refining steps performed after
careful prepurification), cf. [8SW1]. A saturation of drift velocities was also ob-
served for the room temperature drift velocity of holes in anthracene at ultrahigh
fields, thereafter [87B3].

ORGANIC DYESTUFFS AND PIGMENTS
Search for stable big molecules

Basic work. Photoconduction in (solid) organic dyestuffs and pigments is an
old topic (H. Akamatu, Japan, D. D. Eley, UK, A. T. Vartanyan, USSR). In this
country it is intimately connected with the name of H. Meier [S8M1, 58M2, 59M1,
59N1, 65M1, 69M3], (see also his book review [74M1]). In spite of lack of high
purity single crystalline material, the general trends discovered with pressed powder
pellets of different classes of materials are remarkable. Doping with traces of
electron acceptors, such as chloranil or iodine, was frequently found to increase
photoconductivity by orders of magnitude [63M1].

The class of phthalocyanines, closely connected with the name of C. Hamann
[63H1, 64H2, 66H1, 67H1, 67H2, 67S1, 71H1], deserves special mentioning because
of the very high stability of most of its representatives. Thin layers can easily be
made by vacuum evaporation [68H1]; single crystal growth is possible from the gas
phase [67H1, 71H1]. Rectifying contacts [64H1], gas sensors [65K1] and on/off
switching of high conductivity [78H2, 84F1] have been reported for lead phthal-
ocyanine. Great activities with chemically modifying phthalocyanines and por-
phyrines to create new properties, are presently under way in the group of M.
Hanack [85M3, 85M4, 86H1, 86H2, 87H3], see also [87H2, 87H4].

Routes towards high quantum yield solar cells. Thin dye films on inorganic
semiconductors have been considered as promising candidates for photovoltaic and
photoconductive devices. Thus copper-phthalocyanine on CdS and rhodamine B
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on Agl gave ~220 mV and +350 mV (on the inorganic side), respectively [64M1,
65M2, 65M3], see also [76H1, 82V1]. In order to push up quantum yields, the
primary geminate electron-hole pairs have to be hindered from recombining. A
gradient of the electrochemical potential and a sufficiently large initial separation
have been recognized as being essential. Along these lines F. Willig and coworkers
performed ingenious experiments with molecular assemblies, consisting of 3 dif-
ferent chromophors in successive molecular layers on a perylene single crystal.
These gave a current yield of 0.3 holes per absorbed photon for red light. The
chromophors were arranged in such sequence that a stepwise change of the standard
redox potential (with a total change of 0.5 eV) was obtained [86W1]. Very detailed
microscopic understanding achieved recently for the initial charge separation proc-
ess in bacterial photosynthetic reaction centers by Fischer and Scherer [87F1] will
certainly allow to learn from nature how to further optimize these assemblies.

THE RADICAL ION SALT AGE
Materials which unite semiconductivity, metallic conduction and superconductivity

Excited state versus ground state charge transfer. The combination of donor-
like molecules, i.e. molecules with high lying filled HOMO levels (in a downward
electron binding energy scale with zero at vacuum level), and acceptor-like mol-
ecules, i.e. molecules with comparatively low lying empty LUMO levels, opens up
the possibility of intermolecular transitions of an electron from the HOMO level
of one molecule to the LUMO level of an adjacent molecule, cf. [61B2]. In the so
called donor:acceptor complexes this transition needs much more than kT thermal
energy and thus occurs only on optical excitation. Depending on the HOMO and
LUMO energies [59B1], these optical charge transfer transitions, however, need
less, or even much less photon energy than the intramolecular transitions and can
therefore lie in the visible or even near IR. Nevertheless, an electron is transferred
over one intermolecular distance. Final charge carrier separation (from the CT-
geminate pair) and transport in this class of materials has only recently been ad-
equately treated, namely in well purified material (anthracene:
pyromelliticdianhydride) [75K1, 87M1, 88M1]. Charge transfer transitions also
occur in one-component crystals (but are usually hidden under the strong intra-
molecular electronic transitions). Their detection by electromodulation spectros-
copy has been the merit of G. Weiser and his colleagues [81S3, 8154, 83S2].

Highly conductive materials. 'When donor and acceptor type molecules with
extreme positions of the HOMO and LUMO levels (i.e. with extreme reducing
and oxidizing potential) are combined (these molecules are at the borderline of
chemical stability), partial or full charge transfer can require less energy than the
Madelung energy (and other minor contributions) gained by stabilization of the
system through formation of an ionic (or partially ionic) lattice. An “open shell”
radical-ionic ground state is therefore formed and the partially filled bands give
rise to considerable dark conductivity. Frequently (but not necessarily) the donor
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and acceptor molecules are arranged in separate linear stacks; the counter ions can
also be inoxganic ions, such as e.g. PF3; the organic stacks can then be separated
to such extent that conduction is strongly one-dimensional (or in some cases two-
dimensional, see below). Several semiconducting TCNQ complexes were investi-
gated in the early days in the group of H. Héansel [69M6, 69Z1, 70Z1, 70Z2, 72M1,
72M2, 72Z1}, methyl-phenothiazine:iodine and methyl-triphenylarsonium:TCNQ
(and other TCNQ complexes) in the group of H. W. Helberg [74D1, 75K3, 76R1,
85P1], who have specialized in studying the microwave complex dielectric tensor
components in order to extract the dielectric and the conductivity tensors, see also
[87K2].

The first electrochemical synthesis of an organic*/inorganic~ radical ion salt in
Germany was performed by H. P. Fritz et al. in 1978 [78F1]. These authors de-
termined the X-ray crystal structure and reported a pressed pellet room temperature
conductivity of (naphthalene)} PFg of o = 0.12 S/cm and a narrow ESR line of
0.2 Gauss width, which decreased down to 0.0025 Gauss in perfect single crystals
in later measurements in the group of J. von Schiitz [83M1] and thus can be used
for very accurate spin resonance measurements of magnetic fields, cf. [83D1, 86D1].
The 2-10%! spins per cm? display a metallic-like Pauli susceptibility above 240K,
where a metal to semiconductor phase transition occurs on further cooling. A
narrow ESR linewidth, correlated with metallic conductivity, was also observed by
M. Schwoerer and coworkers in fluoranthenyl radical ion salts [81E1] (made in the
group of G. Wegner [80K4]; a number of conductive perylene radical ion salts were
synthesized in the group of H. J. Keller and studied by D. Schweitzer and colleagues
[80K3]. These findings, together with the discovery of organic superconductivity
by the Danish-French cooperation Bechgaard/Jérome (1980), initiated a true rush
of synthetic activities, crystal structure determinations [82E2, 82E3, 87E1], ESR
and NMR investigations [82S1, 83D2, 8354, 84D1, 85D1, 85M1, 85M2, 8551, 86M2,
86S3, 87D1, 87D2, 87D4, 87H6, 87M2, 88H1], conductivity measurements [83S4,
85S3, 87S1] and other characterization work {82H1, 83G1]. These results can be
summarized as follows: From Overhauser shift measurements in ESR and (more
precisely) from Knight shift measurements in NMR of electron and nuclear spin
resonance frequencies the existence of metallic conductivity is clearly established
in the high temperature phases of many of these radical ion salts; ESR pulse—echo
experiments in a magnetic field gradient, performed in the group of M. Mehring,
have yielded the electron diffusion tensor (1.6 and 0.001 cm?/s for directions parallel
and perpendicular to the stack axis, respectively, in (fluoranthene)3 X~, where
X = AsFq, SbFg, PF,, etc.; [87M2], and '*C and 'H Knight shift measurements
the atomic orbital contributions to the conduction-band molecular orbitals [87M2].
These measurements also give valuable information on the lower temperature
semiconductor properties which are smoothly approached. Shubnikov-de Haas
quantum oscillations, recently observed with (TMTSF),ReO, {86S1], but not yet
well understood, will probably allow the extraction of still more detailed infor-
mation on band structure and transport properties in these highly conductive ma-
terials, and thus contribute to an understanding of their semiconductor properties,
too.

The synthesis of N,N’-dicyanoquinodiimines, “DCNQIs”, (molecules similar to
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the TCNQs), by S. Hiinig and his coworkers opened up a completely new field of
organic semiconductors and metals [86A1, 86S2, 87A1, 87S2, 88A1, 88E1, 88K1,
88S2, 88T1, 88W1]. The copper radical anion salt of a DCNQI-derivative, (2,5-
dimethyl-N,N’-DCNQI), Cu, remains metallic down to 0.45 K (whereas most others
transform to semiconductors between 130 and 70 K on cooling). It exhibits the
highest conductivity ever measured in the organic field, 500 000 S/cm at 3.5 K
[86A1].

Electrochemical synthesis of another very exciting radical ion salt, di[bis(ethylene-
dithiolo)tetrathiafulvalene] triiodide, (BEDT-TTF)j I3, exhibiting a crystal
structure with two-dimensional interactions among the organic molecules and hence
a nearly isotropic conductivity (60~250 S/cm) in the crystallographic ab plane, was
described 1984 by H. J. Keller, D. Schweitzer and coworkers [84B2]. If pressure
(12 kbar) is applied, its a-modification remains metallic down to 0.1 K; without
pressure a phase transition to a semiconducting state occurs at 135K [85S4], cf.
[87S7]. A B-modification, on the other hand, was found to exhibit ambient pressure
superconductivity below 1.05 K [8554, 85S5], in accordance with the initial obser-
vations by Yagubskii et al., USSR. Meissner effect measurements confirmed true
volume superconductivity but indicated higher transition temperatures under pres-
sure [85V1]. After a special temperature/pressure cycling an obviously stable (“a,”)
modification could be obtained with a sharp transition at 8.1K to an, ambient-
pressure homogeneous superconducting state [85C1, 87S3, 8754, 87S5]. A recent
report in literature (Urayama et al., Japan) on a 10K organic superconductor,
(BEDT-TTF),Cu(SCN),, was confirmed and the system further characterized [88G1].
—Notice that the transition temperature of organic superconductivity has risen
with a slope of 1.2K per year since its first discovery in 1980!

THE POLYMERIC WORLD

Order in disorder

Normal polymers combine ordered structures with disorder in that more or less
extended sections of the polymer chain possess well defined translational periodic
order, on the one hand, whereas, on the other, they carry kinks then and when
which interrupt the order. In addition there is usually a certain spread of chain
lengths. Several neighbouring chains can be parallel over a certain length, thus
forming crystalline islands, which are embedded in a fully amorphous or a partially
oriented matrix. These features give polymers their attractive mechanical and pro-
cessing properties, but render them extremely difficult objects for electrical trans-
port investigations. Disorder (and omnipresent impurities) lead to broad distri-
bution functions of the energy levels, with concomitant dispersive transport (and
trapping). Polymers with no conjugated double bonds belong to the best insulators,
yet slow motion of injected electronic space charge is possible (besides residual
ionic conduction). Temperatures and field dependences have been studied by space
charge limited (“SCL”) current and by thermally stimulated current (“TSC’’) tech-
niques [83S1, 84S1, 85S2], yielding information on the energy level (trap) distri-
bution function and on transport [80H1, 80H2, 87B2]. Charge carrier mobilities
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are usually very low and strongly increase with increasing crystallinity [85H1]. A
very detailed consideration of the structural, dynamic, and long time characteristics
of the respective polymer sample is necessary, before models developed for the
fully crystalline or fully amorphous materials can be applied [87H1], cf. [82S2].

Polymeric photoconductors. Photoconductive polymers usually contain m-elec-
tron systems. Conjugated polyenes with small but uniform chain length, such as
e.g. the carotenes, have been used as model systems [65S1, 77B1] for the longer
nonuniform polyacetylene (see e.g. the review [84R1]). An important question
with the latter is, if the polymeric chains conduct as “molecular wires” and what
the appropriate transport model would be. A “fast” component (. = 2 cm?Vs),
obtained from sub-nanosecond pulsed photoconductivity measurements in the group
of S. Roth [83Y1] (cf. [88B1]) has very recently been attributed by these authors
to polaronic transport [88B1] rather than to solitons (widely discussed in literature).

Polydiacetylenes (discovered in this country by G. Wegner) are distinguished by
the unique feature that several representatives can be obtained as rather perfect
single crystals by solid state polymerization of the monomer crystals. This fact has
attracted H. Bissler’s interest to use them as ordered one-dimensional model
systems [76L1, 78L1] for studying generation, transport [78R1], recombination
[76R2] and trapping [83S3] of charge carriers. In contradiction to other results
reported in literature, no exceedingly high (time-of-flight) mobilities were obtained
[78R1]. These findings could later be explained on the basis of a careful consid-
eration of the one-dimensional physics on the polymer chain and the dispersiveness
of the macroscopically observed transport [88B2].

Photoconduction of poly(arylenevinylene)s [7801, 8001], polymeric metalor-
ganic compounds [86M1] and of poly(vinylcarbazole) [87K1, 87M3, 87S8] have
been other topics of interest. Transport in the latter material, which has widely
been used in electrophotography, has been especially carefully studied as a function
of time over many orders of magnitude (10 decades of time) by D. Haarer and
coworkers [87M3]. The “flat” (rather than exponential) trap distribution found,
gives rise to the novel feature of a gradual transition from dispersive to nondis-
persive transport during a single transit. —Percolation aspects have been found
important in polymers blended with a low molecular weight component [87D3].

Dark conductive polymers. Polyacetylene and many other polymers with double
bonds can be made conductive by “doping,” i.e. partial oxidation or reduction (cf.
84W1). These redox reactions can frequently also be performed electrochemically
(cf. [87HS5, 87W3]), in a similar way as in the preparation of small molecular radical
ion salts, and studied by ESR, cf. [87W3]. Moreover, well defined single crystals
of oligomeric representatives of the latter class, e.g. p-quaterphenyl—PF, can
serve as ideal model systems for studying packing, molecular interactions and charge
transport in the corresponding conductive polymers [85E1], cf. [87E1]. Poly(pyrrole)s
[87B1], conjugated bridged macrocyclic metal complexes {86H3] and
poly(phthalocyanine)s [87W2] have been other topics of interest. Two outstanding
recent results deserve special mention: Stretch-aligned iodine-doped Narmann po-
lyacetylene has reached the surprisingly high conductivity of 80 000 S/cm at room
temperature with an anisotropy of 23:1 [88S1]. The measurements are perfectly
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described by the Sheng model. —Poly(pyrrole)s, surrounded with insulating cy-
cloalkyl “‘spacers” of different size, have been synthesized in the group of G.
Wegner and have demonstrated the overwhelming importance of interchain charge
carrier hopping processes for the macroscopic conduction behaviour of polymers.

Transport and disorder. In the limit of a perfectly ordered crystal lattice, ab-
sence of impurities, and T — 0K a coherent band transport should occur even in
weakly bonded molecular solids, whereas disorder, impurities and more efficient
charge carrier scattering at elevated temperatures would destroy coherency and
lead to (much slower) hopping transport. Coupled coherent and incoherent trans-
port, expected for intermediate parameters, has been treated in the classical papers
by H. Haken, P. Reineker and G. Strobl [72H1, 73H2]. Charge carrier dispersive
hopping transport in fully disordered media has been the subject of several pub-
lications of H. Bassler and coworkers [79S1, 8151, 81S2, 82B1, 82L1, 84B1, 86R1].
The question of whether electronic transport by (charged) bond alternation defect
(“‘soliton””) mobility occurs in conjugated polymers with a right-left degenerate
ground state, has led to a lively discussion. No soliton-like transport could be
established in polyacetylene doped at different levels; a Mott type hopping was
inferred, instead [86E1].

FUTURE TRENDS

Miniaturization down to the molecular level

After 40 and more years of basic research on organic semiconductors and con-
ductors, which have lifted the veil of strangeness from this class of materials to a
great extent so that they revealed many specific and sometimes unique fundamental
properties, it is felt by many people working in the field, that the time is mature
for seeking applications of what has been learned academically. In view of the
additional very interesting nonlinear optical properties of a number of organic
crystals and thin films, together with the unique photochromic and pyroelectric
properties of several representatives, ‘“molecular devices” have a real chance of
coming into the realm of reality. There is general agreement that these will nec-
essarily have to be microcircuits with an integration as high as possible. Thin organic
films on inorganic semiconductors are one possible approach. But much activity is
even directed to the molecular level, where molecular wires, molecular switches
and molecular memory devices are expected. In this connection quantum well
problems in molecular chain heterostructures are one of several interesting theo-
retical aspects [86R2, 87R2, 88R1]. Some of these ideas are presently being followed
in a Stuttgart cooperation (see below).

RESEARCH PROGRAMS AND CONFERENCES

Research on organic semiconductors and conductors in Germany has been sup-
ported by the Deutsche Forschungsgemeinschaft and by the Max Planck Gesell-
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schaft in individual contracts. From 1978 till 1988 the Stiftung Volkswagenwerk
has generously financed an interdisciplinary research program ‘“Physics and Chem-
istry of Unconventional Materials.”” 1986 a local cooperative program (Sonderfor-
schungsbereich) at the Universities of Stuttgart and Tiibingen, “Physical and Chem-
ical Fundaments of Molecular Electronics,” has been founded which is being funded
by the Deutsche Forschungsgemeinschaft. The German activities on the organic
materials field are reflected by several international conferences organized in this
country (Molecular Crystal Symposium VI and IX, 1973 at SchloB Elmau and 1980
at Mittelberg in the Northern Alps, respectively; Sixth International Conference
on the Chemistry of the Organic Solid State, Freiburg/Brg. 1982; Emil Warburg
Symposium on Unconventional Photoactive Solids, 1982 at Schlof Mitwitz and
1987 at Schlop Elmau), and by a number of symposia, seminars and workshops.

A considerable number of review papers and books [61B2, 65H1, 67B1, 74K1,
74M1, 75K1, 78H1, 80H3, 80K1, 81H1, 81W1, 83S1, 84B1, 84K1, 84W1, 85K1,
87E1, 87H2, 87H4, 87S3, 88B1, 88B2] document the activities in the two parts of
Germany on the field of organic photoconductors, semiconductors, metals and
superconductors.

REFERENCES

[08S1]) Stark, J., and Steubing, W., Phys. Z., 9, 481 (1908). Fluoreszenz und lichtelektrische Emp-
findlichkeit organischer Substanzen.

[10B1) Byk, A., and Borck, H., Verh. Deutsch. Phys. Ges., 12, 621 (1910). Photoclektrische Versuche
mit Anthracen. .

[10K1) Koenigsberger, J., and Schilling, K., Ann. Phys., 32, 179 (1910) Uber Elektrizitatsleitung in
festen Elementen und Verbindungen. I :Minima des Widerstands, Priifung auf Elektronen-
leitung, Anwendung der Dissoziationsformeln.

[10S1) Steubing, W., Verhandl. Deutsch. Phys. Ges., 12, 867 (1910). Bemerkung zu der Arbeit der
Herren A. Byk und H. Borck: Photoelektrische Versuche mit Anthracen.

[13P1] Pauli, W. E., Ann. Phys., 40, 677 (1913). Lichtelektrische Untersuchungen an fluoreszierenden

. Substanzen.

[13V1] Volmer, M., Ann. Physik, 40, 775 (1913). Die verschiedenen lichtelektrischen Erscheinungen
am Anthracen, ihre Beziehung zueinander, zur Fluoreszenz und zur Dianthracenbildung.

[53M1] Mette, H., and Pick, H., Z. Physik, 134, 566 (1953). Elektronenleitfahigkeit von Anthracen-
Einkristallen.

[54P1] Pick, H., and Wissmann, H., Z. Physik, 138, 436 (1954). Elektronenleitung von Naphthalin-
Einkristallen.

[S6D1] Drefahl, G., and Henkel, H. J., Z. Phys. Chem., 206, 93 (1956). Untersuchungen iiber
Stilbene: Halblelterelgenschaften von Stllbendenvaten

[57R1] Riehl, N. F., Ann. Physik, 20, 93 (1957). Uber die elektrische Leitfshigkeit fester organischer
Isolatoren.

[58M1] Meier, H., Z. Phys. Chem., 208, 325 (1957/58). Uber die Temperaturabhingigkeit der Dun-
kelleltfahlgkelt organischer Farbstoffe

[58M2] Meier, H., Z. Phys. Chem., 208, 340 (1957/58). Uber den TemperatureinfluB auf die lich-
tclektnsche Leitfahigkeit orgamschcr Farbstoffe.

[59B1] Briegleb, G., and Czekalla, J., Z. Elektrochemie, 63, 6 (1959). Die Bestimmung von Ionisie-
rungsenergien aus den Spektren von Elektroneniibergangskomplexen.

[59M1] Meier, H., Z. Phys. Chem., 212, 73 (1959). Die Wirkung von Wasserstoff auf den lichtelek-
trischen Effekt organischer Farbstoffe.

[59N1] Noddak, W., Meier, H., and Haus, A., Z. Phys. Chem., 212, 55 (1959). Die Quantenausbeute
des inneren Pholoeffekts organischer Farbstoffe

[60B1] Boroffka, H., Z. Physik, 160, 93 (1960). Uber Photoleitung von Anthracen.

[61B1] Boroffka, in: Kallmann, H., and Sitver, M., eds. SYMPOSIUM ON ELECTRICAL CON-



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

42

[61B2]
[61R1]
[62B1]
[62H1]
[62H2]
(62M1]
[62M2]
[63H1]
[63H2)]
(63M1]
[64B1]
[64H1]

[64H2]

[64H3]
[64M1]
(65B1]
[65B2]
(65B3]

[65H1)
[65K1]

(65M1]
[65M2]
[65M3]

[6581]

[66B1]
[66B2]

[66H]1]

[66R1]
(67B1)

N. KARL

DUCTIVITY IN ORGANIC SOLIDS (Interscience, New York, 1961). The influence of
electrode material on the photoconductivity in anthracene.

Briegleb, G., ELEKTRONEN-DONATOR-ACCEPTOR-KOMPLEXE, (Springer Verlag,
Berlin 1961)..

Riehl, N., in: Kallmann, H., and Silver, M., eds., SYMPOSIUM ON ELECTRICAL CON-
DUCTIVITY IN ORGANIC SOLIDS, (Interscience, New York, 1961). Observations on
aromatic hydrocarbons in connection with their electrical conductivity.

Bornmann, J. A., J. Chem. Phys., 36, 1691 (1962). Semiconductivity of naphthalene.
Hartmann, H. K., Z. Angew. Physik, 14,727 (1962). Rontgen-Photoleitung, UV-Photoleitung
und Fluoreszenz in Anthracen.

Helfrich, W., and Mark, P., Z. Physik, 166, 370 (1962). Raumladungsbestimmte Stréme in
Anthrazen als Mittel zur Bestimmung der Beweglichkeit von Defekielektronen.

Mark, P., and Helfrich, W., J. Appl. Phys., 33, 205 (1962). Space charge limited current in
organic crystals.

Mark, P., and Helfrich, W., Z. Physik, 168, 495 (1962). Ein Nachweis der Raumladung bei
raumladungsbeschriankten Defektelektronenstrémen in Anthracen.

Hamann, C., and Storbeck, 1., Naturwiss., 50, 327 (1963). Die elektrischen und thermoelek-
trischen Eigenschaften von Phthalocyaninen.

Helfrich, W., and Mark, P., Z. Physik, 171, 527 (1963). Eine Bestimmung der effektiven
Zustandsdichte des Bandes fiir Giberschiissige Defektelektronen in Anthracen.

Meier, H., and Albrecht, W., Z. Phys. Chem., NF 39, 249 (1963). Zur Dotierung organischer
Photoleiter.

Bepler, W., Dissertationsschrift, Universitit GieBen (1964). Photostromimpulse in reinen
Pyreneinkristallen.

Hamann, C., phys. stat. sol., 4, K97-K100 (1964). Gleichrichtereigenschaften von Phthalo-
cyaninen.

Hamann, C., and Starke, M., phys. stat. sol., 4, 509 (1964). Untersuchungen iiber die elek-
trischen und thermoelektrischen Eigenschaften der Modifikationen des metallfreien Phthalo-
cyanins.

Helfrich, H., Riehl, N., and Thoma, P., Phys. Letters, 10, 31 (1964). Optical and electrical
measurements of glow-curves in anthracene. .

Meier, H., and Albrecht, W., Ber. Bunsenges., 68, 64 (1964). Uber Cadmiumsulfid/Farbstoff-
Photoelemente.

Bauser, H., Dissertationsschrift, Universitdt Stuttgart (1965). Dunkel- und Photostréme in
Anthracen-Kristallen.

Bepler, W., Z. Physik, 185, 507 (1985). Photostrome und Ladungstragerbeweglichkeiten in
Pyreneinkristallen.

Bogus, C., Z. Physik, 184, 219 (1965). Messung der lichtelektrischen Leitung in Anthracen-
kristallen.

Hamann, C., phys. stat. sol., 12, 483 (1965). Organische Halbleiter.

Kaufhold, J., and Hauffe, K., Ber. Bunsenges., 69, 168 (1965). Uber das Leitfahigkeitsver-
halten verschiedener Phthalocyanine im Vakuum und unter dem Einflup von Gasen.

Meier, H., Z. Angew. Chem., 77, 633 (1965). Organische Farbstoffe als Photohalbleiter.
Meier, H., J. Phys. Chem., 69, 719 (1965). Sensitization of electrical effects in solids. _
Meier, H., and Albrecht, W., Ber. Bunsenges., 69, 160 (1965). Zum Problem der p/n Uber-
ginge zwischen organischen und anorganischen Photoleitern.

Schmidt, H., and Hamann, C., Ber. Bunsenges. Phys. Chem., 69, 5 (1965). Organische Halb-
leiter vom n-Typ. Zum Einflu der Molekiilstruktur von konjugierten Polyenen mit endstdn-
digen Elektronenakzeptorgruppen auf die elektrischen und thermoelektrischen Eigenschaften.
Bissler, H., Becker, G., and Riehl, N., phys. stat. sol., 15, 347 (1966). Untersuchungen iiber
die energetische Verteilung der Haftstellen fiir Defektelektronen in Anthracenkristallen.
Bogus, C., Z. Naturforschung, 2la, 667 (1966). Ladungstriger-Lebensdauermessungen an
photoleitendem Anthracen. .

Hamann, C., Dissertationsschrift A, Techn. Univ. Dresden (1966). Uber die elektrischen,
thermoelektrischen und thermischen Eigenschaften der Modifikationen des Phthalocyanins
und seiner Metallkomplexe.

Riehl, N., Becker, G., and Bissler, H., Phys. Stat. Sol., 15, 339 (1966). Injektionsbestimmte
Defektelektronenstrome in Anthracenkristallen.

Bauser, H., Naturwissenschaften, 54, 505 (1967). Lichtelektrische Leitung in Anthracen-Kris-
tallen.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

[67B2)
[67B3]

[67B4]
(67H1]

[67H2)
[67H3]

(6751]

(68B1]
(68B2]
(68B3]
[68B4]
(68G1]

[68H1]
(68K1)
[68V1]
[68V2]
[69B1]
(69B2]
[69B3]

(69G1]
f6oM1]

{69M2]
[69M3]
(69M4]
[69M5]
[69M6]

[69S1]
[69V1]
(6921

STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 43

Beyerle, M. E., and Gerischer, H., Ber. Bunsenges. Phys. Chem., 71, 380 (1967). Uber die
Rolle der Protonen bei der Injektion von Defektelektronen in Anthracenkristalle.

Bogus, C., Dissertation, Universitit Giessen (1967). Nichtstationire Photoleitung in Anthra-
zen.

Bogus, C., Z. Physik, 207, 281 (1967). Nichtstationdre Photoleitung in Anthracen.
Hamann, C., Z. Phys. Chemie, 236, 271 (1967). Zur Kristallzichtung des Kupferphthalocy-
anins aus der Dampfphase.

Hamann, C., phys. stat. sol., 20, 481 (1967). On the electric and thermoelectric properties of
copper pthalocyanine single crystals.

Helfrich, W., in: Fox, D., Labes, M. M., and Weissberger, A., eds., PHYSICS AND CHEM-
ISTRY OF THE ORGANIC SOLID STATE, Vol. III, (Interscience Publ., New York 1967)
pp. 1-58. Space-charge-limited and volume-controlled currents in organic solids.

. Starke, M., and Hamann, C., Z. Anorg. u. Allg. Chem., 354, 1 (1967). Die elektrischen und

thermoelektrischen Eigenschaften einiger polykristalliner Komplexe des Phthalocyanins mit
drei- und vierwertigen Metallen.

Bissler, H., Riehl, N., and Vaubel, G., phys. stat. sol., 26, 607 (1968). Calculation of the
width of the second conduction band in anthracene crystals from photoemission data.
Bissler, H., and Vaubel, G., Solid State Comm., 6, 97 (1968). Photoemission of electrons
from alkali-metals into anthracene.

Bissler, H., and Vaubel, G., Solid State Comm., 6, 631 (1968). Photoinjection of electrons
into anthracene crystals.

Bissler, H., and Vaubel, G., Phys. Rev. Letters, 21, 615 (1968). Surface states of anthracene
crystals.

Gerischer, H., Michel-Beyerle, M. E., Rebentrost, F., and Tributsch, H., Electrochimica
Acta, 13, 1509 (1968). Sensitization of charge injection into semiconductors with large band
gap.

Hamann, C., Wiss. Z. TH Karl-Marx-Stadt, 10, 265 (1968). Zum inneren Photoeffekt in
Diinnschichten des B-Kupferphthalocyanins.

Karl, N., Dissertationsschrift, Univ. Freiburg (FRG) (1968). Halbleitereigenschaften von An-
thracen und Hexacyanobenzol.

Vaubel, G., and Bissler, H., phys. stat. sol., 26, 599 (1968). Determination of the energy of
conduction states in anthracene crystals in photoemission of electrons from sodium.

Vaubel, G., and Bassler, H., Phys. Letters, 27A, 328 (1968). Determination of the band gap
in anthracene.

Bissler, H., Riehl, N., and Vaubel, G., Mol. Cryst. Lig. Cryst., 9, 249 (1969). Photoemission
of electrons from alkali and alkaline-earth metals into anthracene crystals.

Bissler, H., Herrmann, G., Riehl, N., and Vaubel, G., J. Phys. Chem. Solids, 30, 1579 (1969).
Space-charge-limited currents in tetracene single crystals.

Bauser, H., and Ruf, H. H., phys. stat. sol., 32, 135 (1969). Anregungsspektren stationarer
Photostréme in Anthracen-Kristallen im Bereich der Singulett-Absorption.

Gerlach, E., Phys. Rev., 183, 807 (1969). Surface states of anthracene crystals.
Michel-Beyerle, M. E., Rebentrost, F., and Willig, F., Solid State Comm., 7, 493 (1969).
Injection of defect electrons into perylene single crystals by electrolytic contacts.
Michel-Beyerle, M. E., and Willig, F., Solid State Comm., 7, 913 (1969). Injection of electrons
into p-chloranil single crystals by an aqueous electrolyte contact.

Meier, H., and Albrecht, W., Z. Naturfoschung, 24a, 257 (1969). Blitzlichtuntersuchungen
an organischen Farbstoff-Photohalbleitern.

Meier, H., and Albrecht, W., Ber. Bunsenges. Phys. Chem., 713, 86 (1969). Lichtelektrische
Untersuchungen organischer Halbleiter in Vidicon-Fernsehaufnahmeréhren.

Meier, H., Albrecht, W., and Tschirwitz, U., Ber. Bunsenges. Phys. Chem., 73, 795 (1969).
Mechanism of organic semiconductor doping.

Miiller, E., Ritschel, H., and Hinsel, H., phys. stat. sol., 33, K55 (1969). The anisotropy of
the electrical conductivity and thermoelectric power in single crystals of the anion radical salt
(C¢H;)3AsCH, TCNQ,.

Schmillen, A., and Falter, W.-W., Z. Physik, 218, 401 (1966). Tetracen als Defektelektro-
nenhaftstelle im Anthracenkristall.

Vaubel, G., phys. stat. sol., 35, K67 (1969). Recombination radiation in tetracene single
crystals.

Zosel, D., Ritschel, H., and Hénsel, H., phys. stat. sol., 32, K75 (1969). The anisotropy of
the electrical conductivity in single crystals of the anion radical salt (C4H,),PCH,- TCNQ,.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

44

[70B1]
(70H1]
[70K1]

(70Z1]
[7022]
[71B1]
[71H1]

(71K1]

[71K2]

[71K3]
(72B1]
(72H1]
[72H2]
[72K1]
(72K2)

(72M1]

(72M2)

(7221}

[73B1]
(73H1]
[73H2]
(74D1]

(74K1]
(74M1]

[74M2]
[7481]

[75G1]
(75G2]

N. KARL

Bauser, H., and Perniss, U., Phys. Letters, 31A, 389 (1970). Vibronic structure in the pho-
tocurrent action spectrum of anthracene crystals.

Hirth, H., Dissertationsschrift, Universitit Karlsruhe (1970). Optische Generation und
Beweglichkeit der Ladungstréger in festem und fliissigem Benzol.

Karl, N., Schmid, E., and Seeger, M., Z. Naturforsch., 25a, 382 (1970). Bestimmung der
Diffusionskonstante von Leitungselektronen in Anthracen aus dem Impulsabfall bei Driftex-
perimenten.

Zosel, D., Ritschel, H., and Hinsel, H., phys. stat. sol., 38, 177 (1970). The anisotropy of
the thermoelectric power in the (100) plane of As- and P-TCNQ single crystals.

Zosel, D., Ritschel, H., and Hinsel, H., phys. stat. sol., 38, 183 (1970). Anisotropy investi-
gations by electrical potential measurements on surfaces of P- and As-TCNQ single crystals.
Bassler, H., Killesreiter, H., and Vaubel, G., Disc. Faraday Soc., 51, 48 (1971). Exciton-
induced photocurrents in molecular crystals.

Hamann, C., Kristall und Technik, 6, 491 (1971). The growing of B-copper phthalocyanine
single crystals by evaporation.

Karl, N., and Sommer, G., phys. stat. sol., a6, 231 (1971). Field-dependent losses of electrons
and holes by bimolecular volume recombination in the excitation layer of anthracene single
crystals, studied by drift current pulses.

Karl, N., Rohrbacher, H., and Stiebert, D., phys. stat. sol., a4, 105 (1971). Dielectric tensor
and relaxation of photoexcited charge carriers in single crystal anthracene in an alternating
field without direct contacts.

Killesreiter, H., and Bassler, H., Chem. Phys. Letters, 11, 411 (1971). Exciton reaction at the
anthracene/metal interface: Charge transfer.

Bissler, H., and Killesreiter, H., phys. stat. sol., b53, 183 (1972). Hot carrier injection into
crystals and its relevance to the field dependence of photocurrents.

Haken, H., and Reineker, P., Z. Physik, 249, 235 (1972). A coupled coherent and incoherent
motion of excitons and its influence on the line shape of optical absorption.

Hirth, H., and Stéckmann, F., phys. stat. sol., b51, 691 (1972). Electron and hole mobilities
in solid and liquid benzene.

Killesreiter, H., and Bissler, H., phys. stat. sol., b53, 193 (1972). Field dependence of exciton-
induced, contact-limited photocurrents in molecular crystals.

Killesreiter, H., and Bissler, H., phys. stat. sol., b51, 657 (1972). Dissociation of Frenkel
excitons at the interface between a molecular crystal and a metal.

Miiller, E., Ritschel, H., and Hansel, H., Z. Phys. Chem. Leipzig, 251, 163 (1972). Uber
elektrische Eigenschaften von Einkristallen und Preplingen der Anionenradikalsalze As- und
P-TCNQ.

Miiller, E., Ritschel, H., and Hiinsel, H., Z. Phys. Chemie, Leipzig, 251, 152 (1972). Meas-
urement of the thermoelectric power in the (100) surface of As- and P-TCNQ single crystals
by means of a probe technique.

Zosel, D., Ritschel, H., and Hansel, H., Z. Phys. Chem., Leipzig, 250, 367 (1972). On the
anisotropy of the activation energy of the electrical conductivity of the crystals of triphenyl-
methylphosphonium 7,7,8,8,tetracyanoquinodimethane complex salt.

Bissler, H., and Killesreiter, H., Mol. Cryst. Liq. Cryst., 24,21 (1973). Bandgap-determination
from autoionization data in molecular crystals.

Haberkorn, R., and Michel-Beyerle, M. E., Chem. Phys. Letters, 23, 128 (1973). Onsager’s
ion recombination model in one dimension.

Haken, H., and Strobl, G., Z. Physik, 262, 135 (1973). An exactly soluble model for coherent
and incoherent exciton motion.

Dix, G., phys. stat. sol., a24, 139 (1974). Anisotrope elektrische Leitfahigkeit eines Donator-
Akzeptor Komplexes aus Methylphenothiazin-Jod.

Karl, N., Festkérperproblemel/Adv. Solid State Phys. , 14, 261 (1974). Organic semiconductors.
Meier, H., ORGANIC SEMICONDUCTORS, DARK AND PHOTOCONDUCTIVITY OF
ORGANIC SOLIDS, (Verlag Chemie, Weinheim 1974).

Michel-Beyerle, M. E., Harengel, W., Haberkorn, R., and Kinder, J., Mol. Cryst. Liq. Cryst.,
25, 323 (1974). Role of image forces at organic crystal-electrode interfaces.

Singh, J., and Bissler, H., phys. stat. sol., b62, 147 (1974). Theory of exciton dissociation in
molecular crystals at the interface of a metal.

Gaehrs, H. J., and Willig, F., Chem. Phys. Letters, 32, 300 (1975). On the generation of holes
in organic crystals through photo-excited holes in metal contacts.

Gaehrs, H. J., and Willig, F., phys. stat. sol., a27, 355 (1975). Contact-dependent electron
transfer quenching of singlet and triplet excitons at the surface of organic crystals.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

[75H3)
(75K1]
[75K2]
(75K3]
[75P1]
{75R1]
[76G1]

{76H1)
[76K1]
[76L1}
[76R1)
(76R2]
(77B1]

(7751]
[78C1)
[78F1}

[78H1]
[78H2]

[78K1]

(78L1}
(7801}
[78R1]
[79G1]

[7981)
[79v1]

[79Z1)

[80H1]

STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 45

Haberkorn, R., and Michel-Beyerle, M. E., phys. stat. sol., b67, K61 (1975). On the one-
dimensional Onsager theory for photoinjection.

Karl, N., HALBLEITEREIGENSCHAFTEN DES ORGANISCHEN MOLEKUL-
KRISTALLS ANTHRACEN, Habilitation Thesis, Universitat Stuttgart 1975.

Karl, N., and Ziegler, J., Chem. Phys. Letters, 32, 438 (1975). Generation and transport of
charge carriers in the charge-transfer-complex anthracene—pyromellitic-dianhydride.

Kehl, A., and Helberg, H. W., phys. stat. sol., a27, 509 (1975). Dielectric properties of the
semniconducting single crystalline complex (N-methyl-phenothiazine),-(iodine,).

Probst, K.-H., and Karl, N., phys. stat. sol., a27, 499 (1975); erratum: a31, 793 (1975). Energy
levels of electron and hole traps in the band gap of doped anthracene crystals.

Rohrbacher, H., and Karl, N., phys. stat. sol., a29, 517 (1975). Optical detrapping of charge
carriers in undoped and in tetracene-doped anthracene crystals.

Gerischer, H., and Willig, F., in: TOPICS IN CURRENT CHEMISTRY, Vol 61, Boschke,
F. L. et al. eds., (Springer, Heidelberg 1976), pp 31-84. Reactions of excited dye molecules
at electrodes.

Hamann, C., and Tantzscher, C., Thin Solid Films, 36, 81 (1976). Electrical Properties of
organic/inorganic thin film sandwiches.

Karl, N., and Feederle, H., phys. stat. sol., a34, 497 (1976). Absorption spectrum of the
tetracene monopositive ion in the anthracene lattice.

Lochner, K., Reimer, B., and Bissler, H., Chem. Phys. Letters, 41, 388 (1976). Anisotropy
of electrical properties of a polydiacetylene single crystal.

Rehberg, U., phys. stat. sol., a34, 573 (1976). Messung der komplexen Dielektrizitatszahl des
Anionradikal-Komplexsalzes von Tetracyanochinodimethan mit Methyltriphenylarsonjum.
Reimer, B., and Bissler, H., Chem. Phys. Letters, 43, 81 (1976). Motion and recombination
of charge carriers in a polydiacetylene single crystal.

Brehmer, L., and Hinsel, H., Z. Phys. Chem., Leipzig, 258, 925 (1977). Untersuchung zur
Beeinflussung der elektrischen Oberflichenleitfahigkeit von all-trans-B-Carotin durch die um-
gebende Gasatmosphare.

Schiotter, P., and Bissler, H., Chem. Phys., 19, 353 (1977). Laser-induced photoconduction
in anthracene single crystals: evidence for excited charge carriers.

Charlé, K.-P., and Willig, F., Chem. Phys. Lett., 57,253 (1978). Generalized one-dimensional
Onsager model for charge carrier injection into insulators.

Fritz, H. P., Gebauer, H., Friedrich, P., Ecker, P., Artes, R., and Schubert, U., Z. Natur-
forsch., 33b, 498 (1978). Elektrochemische Synthesen, XIV [1], Radikalkation-Salze des
Naphthalins. .

Hamann, C., ed., ORGANISCHE FESTKORPER UND ORGANISCHE DUNNE
SCHICHTEN, (Akad. Verlagsges. Geest u. Portig, Leipzig 1978).

Hamann, C., Héhne, H. J., Kersten, F., Miller, M., Przyborowski, M., and Starke, M.,
phys. stat. sol., a50, K189 (1978). Switching effects on polycrystalline films of lead phthalo-
cyanine (PbPc).

Karl, N. in: ELECTRICAL AND RELATED PROPERTIES OF ORGANIC SOLIDS,
Scientific Papers Inst. Organic a. Phys. Chem. Wroclaw Techn. Univ. 16 (Conferences No.
3), 43 (1978). Ionic states in nonionic organic molecular crystals.

Lochner, K., Bissler, H., Tieke, B., and Wegner, W., phys. stat. sol., b88, 653 (1978).
Photoconduction in polydiacetylene multilayer structures and single crystals.

Opfermann, J., and Hérhold, H.-H., Z. Phys. Chem., Leipzig, 259, 1089 (1978). Untersu-
chungen iiber Poly(arylenvinylen)e.

Reimer, B., and Bissler, H., phys. stat. sol., b85, 145 (1978). Transient photoconduction in
a polydiacetylene single crystal.

Grobmann, W. D., and Koch, E. E. in: Topics Appl. Phys., Vol. 27, PHOTOEMISSION
IN SOLIDS II, Ley, L., and Cardona, M., eds., 261 (1979). Photoemission from organic
molecular crystals.

Silver, M., Risko, K., and Bissler, H., Phil. Mag., B40, 247 (1979). A percolation approach
to exciton diffusion and carrier diffusion in disordered media.

Vollmann, W., Hamann, C., Libera, L., and Reinhardt, C., Potsdamer Forchungen, B20, 131
(1979). Stromleitung in diinnen TTF-TCNQ-Schichten.

Ziegler, J., and Karl, N., Chem. Phys., 40, 207 (1979). Evaluation of the triplet fine structure
tensor in the DA-complex anthracene:PMDA by triplet-doublet resonance (TDR) recorded
in the photocurrent.

Hansel, H., and Knoblich, H., Acta Polymerica, 31, 193 (1980). Zum elektrischen Ladungs-
transport in einigen hochohmigen Polymerfestkdrpern.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

46

[80H2]

[80H3]
[80K1]
[80K2]
[80K3]
[80K4]
(8001]
[81E1]
[81H1]
[81K1]
(81M1]

[81S1]
[81S2]

[8183]
[8184]

[81W1]

(82B1]
[82E1]

[82E2]
[82E3]
[82H1]

(82L1]
(82P1]

(8251]

[8252)
(82v1]

N. KARL

Hanspach, J., Vogel, U., Hansel, H., and Weigel, P., Acta Polymerica, 31, 163 (1980).
Untersuchung der Strom-Spannungs-Charakteristik von Polyamid-6 unter besonderer Beriick-
sichtigung der Struktur.

Hamann, C., Heim, J., and Burghardt, H., ORGANISCHE LEITER, HALBLEITER UND
PHOTOLEITER, (Akademieverlag, Berlin 1980 and Vieweg, Braunschweig 1981).

Karl, N., High Purity Organic Molecular Crystals, in: CRYSTALS, GROWTH, PROPER-
TIES and APPLICATIONS, Vol. 4, ed., Freyhardt, H. O., pp. 1-100 (Springer Verlag,
Heidelberg 1980).

Karl, N., 9th Molecular Cryst. Sympos., (Mittelberg, 1980), Conference Book, p. 148.
Keller, H. J., Nothe, D., Pritzkow, H., Wehe, D., Werner, M., Koch, P., and Schweitzer,
D., Mol. Cryst. Lig. Cryst., 62, 181 (1980). Electrochemically generated perylenium-hexa-
fluorophosphate and hexafluoroarsenate: New One-dimensional metals.

Kréhnke, C., Enkelmann, V., and Wegner, G., Angew. Chemie, 92, 941 (1980). Radikal-
ionensalze einfacher Arene—eine neue Familie “organischer Metalle”.

Opfermann, J., and Hérhold, H.-H., Z. Phys. Chem., Leipzig, 261, 1161 (1980). Untersu-
chungen iiber Poly(arylenvinylen)e. Kinetik des Photostroms.

Eichele, H., Schwoerer, M., Kréhnke, Ch., and Wegner, G., Chem. Phys. Letters, 77, 311
(1981). ESR of fluoranthenyl-radical-cation organic conductor crystals.

Hamann, C., Heim, J., and Burghardt, H., ORGANISCHE LEITER, HALBLEITER UND
PHOTOLEITER, (Vieweg, Braunschweig 1981).

Karl, N., Chemica Scripta, 17, 201 (1981). The influence of doping on charge carrier transport
in organic molecular crystals.

Miiller, N., Willig, F., and Gerischer, H., Photochem. and Photobiol. , 34, 83 (1981). Reduction
of the excited singlet state of chlorophyl and pheophytin at the organic crystal/aqueous solution
interface. )

Schénherr, G., Bissler, H., and Silver, M., Phil. Mag., B44, 47 (1981). Dispersive hopping
transport via sites having a Gaussian distribution of the energies.

Schénherr, G., Bissler, H., and Silver, M., Phil. Mag., B44, 369 (1981). Simulation of carrier
transport and energy relaxation in a macroscopic hopping system with Gaussian energy dis-
tribution.

Sebastian, L., Weiser, G., and Bissler, H., Chem. Phys., 61, 125 (1981). Charge transfer
transition in solid tetracene and pentacene studied by electroabsorption.

Sebastian, L., and Weiser, G., Phys. Rev. Letters, 46, 1156 (1981) 1156. One-dimensional
wide energy bands in a polydiacetylene revealed by electroreflectance.

Willig, F., in: Gerischer, H., Tobias, C., eds. ADV. ELECTROCHEMISTRY a. ELEC-
TROCHEMICAL ENGINEERING 12 (J. Wiley, New York, 1981). Electrochemistry at the
organic crystal/electrolyte interface.

Bissler, H., Schonherr, G., Abkowitz, M., and Pai, D. M., Phys. Rev., B26, 3105 (1982).
Hopping transport in prototypical organic glasses.

Eichhorn, M., Willig, F., Charlé, K. P., and Bitterling, K., J. Chem. Phys., 76, 4648 (1982).
Time-resolved measurement of the escape of charge carriers from a Coulombic potential well
by diffusional motion.

Enkelmann, V., Morra, B. S., Kréhnke, Ch., Wegner, G., and Heinze, J., Chem. Phys., 66,

303 (1982). Structure and properties of cation-radical salts of arenes. II Crystal structure,

phase transitions and analysis of the electrochemical crystallization process of fluoranthenyl
cation-radical salts.

Enkelmann, V., Wegner, G., and Kréhnke, C., Mol. Cryst. Liq. Cryst., 86, 103 (1982). Radical
cation salts—a new family of organic metals.

Helberg, H. W., Mol. Cryst. Liq. Cryst., 85, 91 (1982). Orientation of the polarizability and
absorption tensors.- Intra- and intermolecular excitations in organic conductors.

Lange, J., and Bissler, H., phys. stat. sol., b114, 561 (1982). Temperature dependence of
hopping mobility in amorphous tetracene.

Papier, G., Charlé, K.-P., and Willig, F., Ber. Bunsenges. Phys. Chem., 86, 670 (1982).
Nature of the electron—hole pair in the system anthracene crystal/thodamine B adsorbed from
aqueous solution. Part II: Dependence of kinetics and spin-dynamics on shallow surface traps.
Sachs, G., Stocklein, W., Bail, B., Dormann, E., and Schwoerer, M., Chem. Phys. Letters,
89, 179 (1982). Electron spin relaxation of new organic conductors: Fluoranthenyl radical
cation salts.

Stroloke, W., Neumann, W., and Hinsel, H., Polymer Bulletin, 8, 527 (1982). Electrical
polarization phenomena in poly(phenylquinoxaline), PPQ.

Verzimakha, Ya. I., Kovalchuk, A. V., Hamann, C., Kurik, M. V., and Miiller, M., phys.
stat. sol., a74, K109 (1982). Photocells with organic semiconducting material.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

{83D1]
(83D2]
(83G1]

[83M1]
[83P1]

[83R1)
(8381)
(8382]
[8383]
(8354]

[83Y1)
(84B1]
(84B2]

[84D1]
(84F1)

[84K1]
[84R1]

(84s1]

[84W1]
[85C1]

[85D1]
(85E1]

[85H1]
[85K1]

[85K2)

STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 47

Dormann, E., Sachs, G., Stécklein, W., Bail, B., and Schwérer, M., Appl. Phys., A30, 227
(1983). Gaussmeter application of organic conductors.

Dormann, E., Stocklein, W., Sachs, G., Bail, B., and Schwoerer, M., J. de Physique, Coll.
C 3, suppl. 6, 44, 1413 (1983). Electron spin resonance and relaxation in (fluoranthene),PF,.
Geserich, H. P., Wilckens, R., Ruppel, W., Enkelmann, V., Wegner, G., Wieners, G.,
Schweitzer, D., and Keller, H. J., Mol. Cryst. Lig. Cryst., 93, 385 (1983). Comparative optical
investigations on the one-dimensional organic metals (perylene),(PF,), , x 0.8 CH,Cl,, (pyr-
ene),,(SbF;), and (fluoranthene),(AsF4)o 2(PFe)o.s-

Miiller, E., von Schitz, J. U., and Wolf, H. C., J. de Physique, 44, supplement Colloque C3,
1401 (1983). Electron spin resonance on the radical cation salt naphthalene,AsF,.
Poleschner, H., John, W., Hoppe, F., Fanghinel, E., Roth, S., J. Prakt. Chemie, 31, 957
(1983). Synthese und Eigenschaften elektronenleitender Polydithiolen-Komplexe mit Ethy-
lentetrathiolat und Tetrathiafulvalentetrathiolat als Briickenliganden.

Ries, B., Schénherr, G., Bissler, H., and Silver, M., Phil. Mag., 48, 87 (1983). Monte Carlo
simulations of geminate-pair dissociation in discrete anisotropic lattices.

Schrader, S., Dissertationsschrift, (Akademie der Wissenschaften der DDR, Berlin 1983). Ein
Beitrag zur Theorie und Auswertung thermisch stimulierter Stréme.

Sebastian, L., Weiser, G., Peter, G., and Bissler, H., Chem. Phys., 75, 103 (1983). Charge-
transfer transitions in crystalline anthracene and their role in photoconductivity.

Seiferheld, U., Bissler, H., and Movaghar, B., Phys. Rev. Letters, 51, 813 (1983). Electric
field dependent charge carrier trapping in a one-dimensional organic solid (TS).

Stécklein, W., Bail, B., Schwoerer, M., Singel, D., Schmidt, J., in. ORGANIC MOLEC-
ULAR AGGREGATES, Reineker, P., Haken, H., and Wolf, H. C., eds., (Springer, Hei-
delberg 1983), pp. 228-241. Spin resonance and conductivity of fluoranthenyl radical cation
salts.

Yakoby, Y., Roth, S., Menke, K., Keilmann, F., and Kuhl, J., Solid State Comm. 47, 869
(1983). Carrier drift time from pulsed photoconductivity in as grown transpolyacetylene.
Bissler, H., Phil. Mag., B50, 347 (1984). Charge transport in molecularly doped polymers.
Bender, K., Hennig, I., Schweitzer, D., Dietz, K., Enders, H., and Keller, H. J., Mol. Cryst.
Ligq. Cryst., 108, 359 (1984). Synthesis, structure and physical properties of a two-dimensional
organic metal, di/bis(ethylenedithiolo)tetrathiafluvalene/triiodide, (BEDT-TTF)3J5.
Denninger, G., Sticklein, W., Dormann, E., and Schwoerer, M., Chem. Phys. Lett., 107,
222 (1984). Overhauser shift in single crystals of FA,PF.

Frauenheim, Th., Hamann, C., and Miiller, M., phys. stat. sol., a86, 735 (1984). Electric field-
induced disorder—order transitions in organic polycrystalline films of quasi-one-dimensional
lead phthalocyanine.

Karl, N., Materials Science (Poland), 10, 365 (1984). Technology of organic crystals.

Roth, S., Eichinger, K., Menke, K., in: QUANTUM CHEMISTRY OF POLYMERS—
SOLID STATE ASPECTS (Ladik, J., and André, M., eds.) pp. 165-190 (Reidel, Dodrecht
1984). Electrical transport properties of polyacetylene and related compounds.

Schrader, S., Materials Science, 10, 239 (1984). Thermally stimulated current transport peak
in insulators with exponential trap distribution.

Wegner, G., in: Vandenberg, E, J., ed. CONTEMPORARY TOPICS IN POLYMER SCI-
ENCE, Vol. 5 (Plenum Publ. Corp. 1984). Reflections on the design, the structure and the
properties of highly conducting polymers as related to other organic metals.

Creuzet, F., Creuzet, G., Jérome, D., Schweitzer, D., and Keller, H. J. J. Physique Letters,
46, L-1079 (1985). Homogeneous superconducting state at 8.1 K under ambient pressure in
the organic conductor B-(BEDT-TTF),I,.

Denninger, G., Stocklein, W., Dormann, E., and Schwoerer, M., Mol. Cryst. Liq. Cryst.,
120, 233 (1985). Overhauser shift in the radical cation salts of fluoranthene.

Enkelmann, V., Géckelmann, K., Wieners, G., and Monkebusch, M., Mol. Cryst. Liq. Cryst.,
120, 195 (1985). Radical cation salts of arenes. Structure, properties and model character for
conducting polymers.

Hanspach, J., Hansel, H., Kryszewski, M., and Gaulke, R., Acta Polymerica, 36, 234 (1985).
Zum Einflup des Kristallinititsgrades und der Orientierung auf die Elektronenbeweglichkeit
in Polyethylenterephthalat.

Karl, N., in: Landolt-Bérnstein (NewSeries), Group III, Vol. 17, SEMICONDUCTORS, ed.
O. Madelung, M. Schulz, Subvol. 17i, pp. 106—-218 (Springer-Verlag, Heidelberg 1985). Or-
ganic semiconductors.

Karl, N., 11th Molecular Crystal Symposium, Lugano 1985, Conference Proceedings p. 137.
Electron and hole transport in organic molecular crystals——consistency of the band picture

™.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

48

(85K3]

[85M1]

[85M2]

[85M3]
[85M4]
[85P1)

(8551
[8552]
(8583
(8554]

(8585

[85V1)

(85W1]
[85W2)
[85W3]

(86A1]

[86D1]

[86E1]

(86H1]

[86H2]

[86H3]
(86M1]

[86M2]

N. KARL

Karl, N., Stehle, R., and Warta, W., Mol. Cryst. Lig. Cryst., 120, 247 (1985). Organic
conductors versus organic photoconductors: Similarities and differences in their charge carrier
transport.

Meenenga, D., Dinse, K. P., Schweitzer, D., and Keller, H. J., Mol. Cryst. Liq. Cryst., 120,
243 (1985). Electron spin echo experiments on the quasi one dimensional organic metal:
(perylene), X, 2/3THF (X = AsF;, PFy).

Mehring, M., Maresch, G., and Spengler, J., Mol. Cryst. Lig. Cryst., 120, 205 (1985). Elec-
tronic spin diffusion in the metallic state of fluoranthenyl radical cation salts (FA),X: *C
Knight shift and field gradient ESR measurements.

Meier, H., Albrecht, W., Zimmerhackl, E., Hanack, M., and Fischer, K., J. Mol. Electron.,
1, 47 (1985). Photoconductivity of phthalocyaninato-p-thiagermanium(IV), {PcGeS],.

Meier, H., Albrecht, W., Zimmerhackl, E., Hanack, M., and Metz, J., Synth. Metals, 11,
333 (1985). Photoconductivity of p-cyanophthalocyaninato-cobalt(III), [PcCoCN],.
Przybylski, M., and Helberg, H. W., Phys. Rev., B31, 8034 (1985). Frequency-dependent
transport in the pure and irradiation-disordered organic semiconductor N-methyl-(4-
methyl)pyridinium (7,7,8,8-tetracyano-p-quinodimethanide).

Sachs, G., Dormann, E., and Schwoerer, M., Solid State Comm., 53, 73 (1985). One-dimen-
sionality of the organic conductor (FA);-PF;.

Schrader, S., and Kryszewski, M., phys. stat sol., a91, 243 (1985). Multiple trapping approach
to the TSC drift experiment.

Schweitzer, D., Hennig, I., Bender, K., Enders, H., and Keller, J., Mol. Cryst. Lig. Cryst.,
120, 213 (1985). Organic metals from simple aromatic hydrocarbons: Perylene radical salts.
Schwenk, H., Gross, F., Heidmann, C. P., Andres, K., Schweitzer, D., and Keller, H. 1.,
Mol. Cryst. Liq. Cryst., 119, 329 (1985). a- and B-(BEDT-TTF),I,—Two modifications with
contrasting ground state properties: insulator and superconductor.

Schwenk, H., Heidmann, C. P., Gross, F., Hess, E., Andres, K., Schweitzer, D., and Keller,
H. 1., Phys. Rev., B31, 3138 (1985). B-(BEDT-TTF).l,, a new organic volume superconductor
at ambient pressure.

Veith, H., Heidmann, C.-P., Gross, F., Lerf, A., Andres, K., and Schweitzer, D., Solid State
Comm., 56, 1015 (1985). Observation of the Meissner Effekt in the high-T, (pressure-) phase
of the organic superconductor B-(BEDT-TTF),l,.

Warta, W., and Karl, N., Phys. Rev., B32, 1172 (1985). Hot holes in naphthalene: High,
electric field dependent mobilities.

Warta, W., Stehle, R., and Karl, N., Appl. Phys., A36, 163 (1985). Ultrapure, high mobility
organic photoconductors.

Warta, W., and Karl, N. unpublished results; cf. Warta, W., Dissertationsschrift, Universitit
Stuttgart (1985).

Aumiiller, A., Erk, P., Klebe, G., Hiinig, S., von Schiitz, J. U., and Werner, H. P., Angew.
Chemie, 98, 759 (1986). Ein Radikalanionen-Salz von 2,5-Dimethyl-N N'-dicyanochinodiimin
mit extrem hoher elektrischer Leitfahigkeit.

Dormann, E., Denninger, G., Sachs, G., Stocklein, W., and Schwoerer, M., J. Magnetism
a. Magn. Materials, 54-57, 1315 (1986). Application of the organic conductor (fluoran-
thene)3PF; as an ESR magnetic field probe.

Ehinger, K., and Roth, S., Phil. Mag., B53, 301 (1986). Non-solitonic conductivity in poly-
acetylene.

Hanack, M., Datz, A., Fay, R., Fischer, K., Keppeler, U., Koch. J., Metz, J., Mezger, M.,
Schneider, O., and Schulze, H.-J., in: T. Skotheim ed. HANDBOOK ON CONDUCTING
POLYMERS, (Decker, 1986), p. 133. Synthesis and properties of conjugated bridged ma-
crocyclic metal complexes.

Hanack, M., and Fay, R., Recl. Trav. Chim. Pays-Bas, 105, 427 (1986). Synthesis and prop-
erties of peripherically substituted phthalocyanatocobalt complexes with bisaxially coordinated
ligands.

Hanack, M., Degen, S., Lange, A., and Zipplies, T., Synth. Metals. 15, 207 (1986). Axially
bridged macrocyclic metal complexes as conductive polymers.

Meier, H., Albrecht, W., Hanack, M., and Koch, J., Polymer Bull., 16, 75 (1986). Photo-
conductivity of polymeric dibenzo[b,i]l1,4,8,11-tetraaza|14]annulenato(u-pyrazine)iron(Il), [Fe
taa(pyz)],.

Maresch, G. G., Grupp, A., Mehring, M., and von Schiitz, I. U.. Syathetic Metals, 16, 161
(1986). Anisotropic diffusion and electron spin relaxation in the single crystal (fluoran-
thenyi).AsF, above and below the metal-semiconductor phase transition.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

[86R1]
[86R2]
(86S1]

(8652]

[86S3]
(86W1)
(87A1]

(87B1]
(87B2]
(87B3)
(87D1]
[87D2]

(87D3]
(87D4]
(87E1]
[87F1]
[87H1)
[87H2)

[87H3]

[87H4]

[87HS)
(87H6)
(87K1]
(87K2]

[87M1]

STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 49

Ries, B., Béssler, H., and Silver, M., Phil. Mag., B54, 141 (1986). Quasi-percolation of charge
carriers in molecularly doped polymers; a Monte Carlo study.

Ruckh, R., Sigmund, E., Kollmar, C., and Sixl; H., J. Chem. Phys., 85, 2797 (1986). Model
calculation of PDA-PA heterostructures: Quantum wells in conjugated molecular chains.
Schwenk, H., Parkin, S. S. P., Schumaker, R., Greene, R. L., and Schweitzer, D., Phys.
Rev. Letters, 56, 667 (1986). Magnetic-field-induced transition and quantum oscillations in
tetramethyltetraselenafulvalenium perrhenate, (TMTSF),ReO,.

Schiitz, von, J. U., Werner, H. P., Wolf, H. C., Aumiiller, A., Erk, P., and Hiinig, S., Proc.
XXIII Congress Ampére on Magnetic Resonance, eds. Maraviglia, de Luca, and Campassella,
p- 158 (1986). On the dimensionality of charge carrier transport in new salts with extreme
conductivity: ESR versus conductivity.

Stécklein, W., and Denninger, G., Mol. Cryst. Lig. Cryst., 136, 335 (1986). Overhauser shift
of the conduction electron spin resonance in (FA),PF, single crystals.

Willig, F., Charlé, K.-P., van der Auweraer, M., and Bitterling, K., Mol. Cryst. Lig. Cryst.,
137, 329 (1986). Conversion of light into electrical power in a molecular layer structure.
Aumiiller, A, Erk, P., Hiinig, S., Meixner, H., von Schiitz, J. U., and Werner, H.-P., Liebigs
Ann. Chem., 1987, 997 (1987). N,N'-Dicyanochinodiimin/Tetrathiafulvalen-Addukte—eine
neue Klasse elektrisch leitfahiger CT-Komplexe.

Bender, K., Gogu, E., Henning, 1., Schweitzer, D., and Miinstedt, H., Synthetic Metals, 18,
85 (1987). Electrical conductivity and thermoelectric power of various polypyrroles.
Brehmer, L., von Berlepsch, H., Pinnow, M., and Kornelson, M., Acta Polymerica, 38, 362
(1987). Elektrische Gleichstromeigenschaften von Polyithylen.

Bitterling, K., and Willig, F., Phys. Rev., B35, 7973 (1987). Drift-velocity saturation of holes
in anthracene at room temperature.

Denninger, G., Dormann, E., and Schwoerer, M., Synthetic Metals, 19, 355 (1987). Magnetic
resonance on conduction electrons in fluoranthene radical cation salts.

Dobbert, O., Prisner, T., Dinse, K. P., Schweitzer, D., and Keller, H. J., Solid State Comm. ,
61, 499 (1987). Pulsed ESR investigation of spin transport properties in the organic conductor
(perylene),(AsFe)o 2s(PFe)o.as-

Domes, H., Lyrer, R., Haarer, D., and Blumen, A., Phys. Rev., B36, 4522 (1987). Percolation
aspects in photoconductivity.

Dormann, E., and Sachs, G., Ber. Bunsenges. Phys. Chem., 91, 879 (1987). The low-tem-
perature phase of the organic conductor (fluoranthene),PF.

Enkelmann, V., and Géckelmann, K., Ber. Bunsenges. Phys. Chem. 91,950 (1987). Structure
and phase transitions of aromatic radical cation salts—a new class of organic metals.
Fischer, F., and Scherer, P. O. J., Chem. Phys., 115,151 (1987). On the early charge separation
and recombination processes in bacterial reaction centers.

Hinsel, H., Acta Polymerica, 38, 378 (1987). Einfluf von Struktur und Alterung auf die
elektrischen Eigenschaften des hochohmigen Polymerfestkorpers.

Hamann, C., Frauenheim, Th., Hietschold, M., Héhne, H. J., Muiler, M., Richter, J., and
Starke, M., Proceedings 4th Internat. School on Condensed Matter Phys., Molecular Elec-
tronics, Varna 1986 (World Sci. Publ. Corp., Singapore 1987) pp. 227-244. On the history
of lead phthalocyanine (PbPc)—research.

Hanack, M., Deger, S., Keppeler, U., Lange, A., Leverenz, A., and Rein, M., Synth. Metals,
19, 739 (1987). Synthesis and properties of new semiconducting bridged phthalo- and naph-
thalocyaninatometal compounds.

Hanack, M., Deger, S., Keppeler, U., Lange, A., Leverenz, A., Rein, M., In: Alcécer, L.,
ed., CONDUCTING POLYMERS (Reidel, Dodrecht 1987), pp. 173-178. Polyphthalocy-
anines.

Heinze, J., Stérzbach, M., and Mortensen, J., Ber. Bunsenges. Phys. Chem., 91, 960 (1987).
Experimental and theoretical studies on the redox properties of conducting polymers.
Hentsch, F., Helmle, M., Kongeter, D., and Mehring, M., Ber. Bunsenges. Phys. Chem., 91,
911 (1987). Knight shift in the organic conductor (fluoranthenyl),AsF,.

Kaul, H., and Haarer, D., Ber. Bunsenges., 91, 845 (1987). Charge carrier generation and
transport in polyvinylcarbazole: A model system for polymeric photoconductors.

Kremer, W., Helberg, H. W., Gogo, E., Schweitzer, D., and Keller, H. J., Ber. Bunsenges.
Phys. Chem., 91, 896 (1987). Microwave conductivity in the pure and iodine-doped organic
conductor a-(BEDT-TTF),l,.

Massa, D., and Karl, N., Materials Science (Poland), 13, 161 (1987). Quasi one-dimensional
photoconductivity in mixed stack donor:acceptor complex crystals.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

50

(87M2]
[87M3]
[87R1]
[87R2]
(8781]

(8752)

(8783]

(8754)

(87S5)

[8756)
(8787)

(8758

(87W1]

[87W2]

(87W3]

[88A1]
[88B1]

[88B2]
(88E1]

[88E2]

[88G1]

[88H1]
[88K1]

N. KARL

Mehring, M., Helmle, M., Koéngeter, D., Maresch, G. G., and Demuth, S., Synthetic Metals,
19, 349 (1987). Magnetic resonance of (FA),X type organic conductors.

Miiller-Horsche, E., Haarer, D., and Scher, H., Phys. Rev., B35, 1273 (1987). Transition
from dispersive to non-dispersive transport: Photoconduction in polyvinylcarbazole.

Ries, B., and Bissler, H., J. Mol. Electr., 3, 15 (1987). Dynamics of geminate pair recom-
bination in random solids studied by Monte Carlo Simulation.

Ruckh, R., Sigmund, E., Kollmar, C., and Sixl, H., J. Chem. Phys., 87, 5007 (1987). Model
calculation of PDA-PA heterostructures: influence of topological defects on localized states.
Schimmel, Th., Rief, W., Denninger, G., and Schwoerer, M., Ber. Bunsenges. Phys. Chem.,
91, 901 (1987). Precision conductivity measurements and DSC on single crystals of the organic
conductor (FA),PF,.

Schiitz, von, J. U., Werner, H. P., Wolf, H. C., Aumiiller, A., Erk, P., and Hiinig, S.,
Materials Science (Poland), 13, 235 (1987). A new class of organic metals with extremely high
conductivity: The radical anion salts of N,N’-dicyanobenzochinodiimine.

Schweitzer, D., and Keller, H. J., in: Delhaes, P., and Drillon, M., eds., ORGANIC AND
INORGANIC LOW DIMENSIONAL CRYSTALLINE MATERIALS, pp. 219~-229 (Plenum
Publ. Corp. 1987). Molecular metals and superconductors: BEDT-TTF radical salts.
Schweitzer, D., Bele, P., Brunner, H., Gogu, E., Haeberlen, U., Henning, 1., Klutz, 1.,
Swietlik, R., and Keller, H. J., Z. Phys., B67, 489 (1987). A stable superconducting state at
8K and ambient pressure in a-(BEDT-TTF),l,.

Schweitzer, D., Gogu, E., Henning, 1., and Klutz, T., Ber. Bunsenges. Phys. Chem., 91, 890
(1987). Electrochemically prepared radical saits of BEDT-TTF: Molecular metals and super-
conductors.

Siebrand, W., Ries, B., and Bissler, H., J. Mol. Electron., 3, 113 (1987). Theoretical inves-
tigations of optical charge carrier generation processes in anthracene crystals.

Spith, K., Gross, F., Heidmann, C. P., and Anders, K., Ber. Bunsenges. Phys. Chem., 91,
909 (1987). In situ observation of a phase transformation in a-(BEDT-TTF),l, using a con-
tactless technique.

Stolzenburg, F., Ries, B., and Bissler, H., Ber. Bunsenges. Phys. Chem., 91, 853 (1987).
Kinetics of geminate pair recombination in polyvinylcarbazole.

Willig, F., Eichberger, R., Bitterling, K., Durfee, W. S., Storck, W., and van der Auweraer,
M., Ber. Bunsenges. Phys. Chem., 91, 869 (1987). Light-induced hole transfer across a Lang-
muir-Blodgett double-layer membrane with a short tunneling barrier.

Wohrle, D., Schmidt, V., Schumann, B., Yamada, A., and Shigehara, K., Ber. Bunsenges.
Phys. Chem., 91, 975 (1987). Polymeric phthalocyanines and their precursors, 13— Synthesis,
structure and electrochemical properties of thin films of polymeric phthalocyanines from te-
tracarbonitriles.

Wuckel, L., Schwarzenberg, M., Bartl, A., and Dége, H.-C., Materials Science Forum, 21,
139 (1987). Cyclic voltammetry, impedance measurements and in-situ EPR studies of con-
jugated polymers.

Aumiiller, A., Erk, P., and Hiinig, S., Mol. Cryst. Lig. Cryst., 156, 215 (1988). A new class
of compounds with high electrical conductivity.

Bleier, H., Roth, S., Shen, Y. Q., Schifer-Siebert, D., and Leising, G., Phys. Rev., B38,
6037 (1988). Photoconductivity in trans-polyacetylene, transport and recombination of photo-
generated charged excitons.

Blum, T., and Béssler, H., Chem. Phys., 123, 431 (1988). Reinvestigation of generation and
transport of charge carriers in crystalline polydiacetylenes (PDAs).

Erk, P., Hiinig, S., von Schiitz, J. U., Werner, H. P., and Wolf, H. C., Angew. Chem., 100,
286 (1988). Das Kupfersalz von 2-Jod-5-methyl-N,N’-dicyanochinodiimin—ein Radikalan-
ionensalz mit metallischer Leitfahigkeit bis zu tiefsten Temperaturen.

Ezquerra, T. A., Riihe, J., and Wegner, G., Chem. Phys. Letters, 144, 194 (1988). Hopping
conduction in 3,4-cycloalkylpolypyrrole perchlorates: A model study of conductivity in poly-
mers.

Girtner, S., Gogu, E., Heinen, 1., Keller, H. J., Klutz, T., and Schweitzer, D., Solid State
Comm., 65, 1531 (1988). Superconductivity at 10 K and ambient pressure in the organic metal
(BEDT-TTF),Cu(SCN),.

Hentsch, F., Helmle, M., Kongeter, D., and Mehring, M., Phys. Rev., B37, 7205 (1988).
Proton Knight shift in the organic conductor (fluoranthenyl),AsF,.

Kongeter, D., Hentsch, F., Seidel, H., Mehring, M., von Schiitz, J. U., Wolf, H. C., Erk,
P., and Hiinig, S., Solid State Comm., 65, 453 (1988). Metal-like '*C and %*Cu Knight shifts
in the organic conductor (2,5-dimethyl-dicyanoquinonediimine),Cu.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:05 19 February 2013

(88M1]
[88R1]
[88S1]

(8852)
[88T1]

(88W1]

STUDIES OF ORGANIC SEMICONDUCTORS FOR 40 YEARS 51

Massa, D., Dissertationsschrift, Universitat Stuttgart, (1988). Ladungstrigererzeugung und
—transport im Donator: Akzeptor-Komplex-Kristail Anthracen:PMDA.

Ruckh, R., and Sigmund, E., J. Phys. C: Solid State Phys., 21, 3751 (1988). Non-Ohmic
conductivity in molecular heterostructures.

Schimmel, Th., RieB, W., Gmeiner, J., Denninger, G., and Schwoerer, M., Solid State
Comm., 65, 1311 (1988). DC conductivity of a new type of highly conducting polyacetylene,
N-(CH),.

Schmeisser, D., Graf, K., Gopel, W., von Schiitz, J. U., Erk, P., and Hiinig, S., Chem. Phys.
Letters, 148, 423 (1988). The electronic structure of (2-X-5-M-DCNQI).

Tomic, S., Jérome, D., Aumiiller, A., Erk, P., Hiinig, S., and von Schiitz, J. U., Europhys.
Letters, 5, 553 (1988). Pressure-induced metal-to-insulator phase transition in the organic
conductor (2,5-dimethyl-DCNQI),Cu.

Werner, H. P., von Schiitz, J. U., Wolf, H. C., Kremer, R., Gehrke, M., Aumiiller, A., Erk,
P., and Hiinig, S., Solid State Comm., 65, 809 (1988). Radical anion salts of N,N’-dicyano-
quinodiimine (DCNQI): Conductivity and magnetic properties.

*complete references before 1970
selected references from 1970 on

An ASCII file of this literature list is available from the author upon request: Prof. Dr. Norbert

KARL,

3. Physikalisches Institut der Universitit Stuttgart, Pfaffenwaldring 57, D 7000 Stuttgart 80,

Federal Republic of Germany, Tel. 0049-711-685-5195, Telefax . . .685-3500



