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MOLECULAR ELECTRONICS

This paper provides an overview of research in the field of molecular electronics and of the molecular
electronics research program at APL. In the past 20 years, organic molecular crystals have been de-
veloped that span the range from electrical insulators to room-temperature metals to superconduc-
tors. Conducting organic polymers have been prepared in a variety of forms in which electrical
conductivity can be systematically controlled over a range of 10 orders of magnitude. Several novel

technical applications are described.

INTRODUCTION

Molecular and polymeric materials are an essential
part of present-day electronics and computers. It is es-
timated that over 2.4 billion pounds of organic and
polymeric materials are used annually by the U.S. elec-
tronics industry. Their main application is as insulat-
ing and structural support materials.! Another im-
portant application is for lithographic resists for in-
tegrated circuit fabrication in both large-scale integra-
tion and very-large-scale integration applications.?
However, the active elements of almost all electronic
devices and computers, namely conductors and semi-
conductors, are fabricated from metals or inorganic
materials because of their versatility, speed, stability,
reproducibility, and the familiarity of the electronics
industry with their manufacturing processes and elec-
tronic characteristics.

WHAT IS MOLECULAR ELECTRONICS?

The rapid development of the semiconductor indus-
try has been marked by the increasing density and com-
plexity of semiconductor chip circuitry. Considerable
attention has been given to the inherent problems as-
sociated with increasing the density of integrated cir-
cuits. In the future, fundamental physical considera-
tions will set limits on the size and properties of such
circuits that can be manufactured by conventional
techniques. Some of the limitations arise from process-
ing considerations, materials properties, and opera-
tional constraints.

Although semiconductor technology has not yet
reached its full potential, future generations of com-
puters may require revolutionary technologies based
on totally different types of materials to increase mem-
ory and processing capabilities. One possible class of
materials that may find applications in information
processing and storage is carbon-based (organic) semi-
conductors and conductors.

The replacement of inorganic semiconductors and
metals by organic macromolecular, polymeric, or even
biological materials that control or modify electrical
and/or optical signals has recently been termed mole-
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cular electronics. This new interdisciplinary field, com-
bining organic chemistry, solid-state physics, and
microelectronic engineering, may revolutionize elec-
tronic and computer speed and capacity by making
devices from complex molecular structures.

Organic compounds and polymers are a viable al-
ternative to the traditional inorganics because of their
extremely small size, abundance, diversity, ease of fab-
rication, and potential low cost. For example, the typi-
cal dimensions of organic molecular structures (10 to
100 angstroms) are two to three orders of magnitude
smaller than existing and proposed devices developed
by current state-of-the-art lithographic tech-
niques. Organic semiconductors offer an additional
feature in that it is possible to control the electronic
and optical properties of an organic device by alter-
ing or tailoring the organic molecular structure before
fabricating the device. In molecular electronic devices,
the electronic and/or optical properties are locked into
the molecular structure instead of being fabricated by
the processing technique. This feature, called molecu-
lar architecture or molecular engineering, may great-
ly simplify future manufacturing processes by reducing
the number of fabrication steps, hence increasing pro-
duction yield.

Current research in molecular electronics centers on
designing and fabricating new synthetic molecular
materials, evaluating them, and using them in novel
technical applications. Research is currently divided
into two areas: molecular crystals, including monomer-
ic compounds and organic charge-transfer complex-
es; electroactive polymers, sometimes called plastic
metals or synmetals (synthetic metals), including
materials such as doped polyacetylene, polypyrrole,
and poly(p-phenylene).

MOLECULAR CRYSTALS: AN OVERVIEW

Typically, crystalline molecular materials are made
by combining two very different classes of compounds
called donors and acceptors. One, if not both, of these
is usually a flat ringlike structure having a carbon
backbone; it may contain elements such as sulfur,
selenium, tellurium, nitrogen, and hydrogen in its
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molecular structure. It can act as a donor (cation) or
an acceptor (anion) of electrons from a second coun-
ter species, which can be another similar organic mol-
ecule, a metal ion, or an inorganic complex. The
product stability results partly because of electron
transfer from the donor to the acceptor (Fig. 1). A the-
ory of Mulliken? describing this interaction between
donor and acceptor states that electron transfer reac-
tions are facile when low ionization potential donors
are combined with high electron affinity acceptors.
The result of the electron transfer reaction is the for-
mation of a charge-transfer complex or salt.

A simplified example of this type of chemical reac-
tion is in the formation of the ionic structure composed
of sodium cations and chloride anions in sodium chlo-
ride, wherein an electron is transferred from a sodi-
um atom (the electron donor) to a chlorine atom (the
electron acceptor). The properties of the product NaCl
are very different from either of the two reactants, so-
dium or chlorine.

The same type of chemical reaction that occurs in
the formation of organic salts is responsible for many
of their unique properties. As the donors and accep-
tors combine by transferring electrons, a series of al-
ternating positive and negative ions stack on top of
one another in either segregated or alternating stacks
(Fig. 1). This arrangement can be compared to a stack
of playing cards in which each card in the deck repre-
sents a single molecule. Because of the highly direc-
tional nature of the structure of these complexes, many
of their physical properties are anisotropic, even quasi-
one-dimensional. For example, the electrical conduc-
tivity is usually much greater along the stacks than be-
tween them. The degree to which an individual charge-
transfer complex conducts electricity actually depends
on the freedom that the conduction electrons have to
move through overlapping conducting electron orbi-
tals (i.e., electron wave functions), both up and down
as well as across the stacks of neighboring donor
and/or acceptor species. In insulating complexes, the
conduction electrons are localized on specific donor
or acceptor sites. At the other extreme, a supercon-
ducting state may occur when certain types of cations
(donors) are packed to allow unrestricted vertical and
horizontal electron flow.

In the early 1960s, Melby et al.* first observed
unique electrical and magnetic properties in organic
charge-transfer complexes. They combined a new elec-
tron acceptor molecule called 7,7,8,8-tetracyanoqui-
nodimethane (TCNQ) with various metal and organic
donors (Fig. 2). The experiments resulted in the dis-
covery of new organic semiconductors with electrical
conductivities as high as 102 (ohm-centimeter)™'.

For the next 10 years, scientists labored to synthe-
size and study new organic charge-transfer complexes
with the goal of increasing the electrical conductivity
to that of a metal. In 1973, the efforts succeeded when
the organic acceptor molecule TCNQ was combined
with a newly synthesized organic donor tetrathiaful-
valene (TTF) to make the first true organic metal TTF-
TCNQ (Fig. 3).° After the discovery of metallic con-
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Figure 3—Electrical conductivity of TTF-TCNQ as a function
of temperature.

ductivity in TTF-TCNQ, many new synthetic metals
were prepared, and an extensive theoretical interpre-
tation of the relationship between molecular structure
and the organic metallic state was developed.

Soon after metallic conductivity was achieved in or-
ganic solids, speculation arose that organic materials
might also exhibit superconductivity. That search was
successful in 1979 when organic superconductivity was
observed in a charge-transfer complex containing
TMTSF.® TMTSF, the chemical acronym for
tetramethyltetraselenafulvalene, is a structural analog
of TTF (Fig. 2). When TMTSF was complexed with
the anion hexaflurophosphate (PF¢)~, a new organic
salt was produced that superconducts at a critical tem-
perature (7,) of 0.9 K and an applied pressure of 12
kilobars. Not long after, a similar complex,
(TMTSF),ClO,, was found to undergo a transition
to a superconducting state at a 7, of 1.2 K; this salt
exhibits superconductivity at ambient pressure.” The
onset of superconductivity in these organic materials
is believed to be associated not with carbon p- inter-
actions but rather with the two-dimensional overlap
of selenium atomic orbitals. X-ray crystallographic
analysis reveals that there are several close selenium
interstacking and intrastacking distances.

Superconductivity at higher critical temperatures
and lower applied pressures has since been reported
by several research groups. In 1984, (-(BEDT-
TTF),1; (Fig. 2), a complex salt with two-dimension-
al sulfur-sulfur orbital interactions, was found to un-
dergo a superconducting transition with a 7, of 1.4
K at ambient pressure. Its critical temperature can be
raised to about 8 K when the pressure is increased to
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12 kilobars.® By comparison, the inorganic supercon-
ductor with the highest known critical temperature (24
K) is an alloy of germanium and niobium; supercon-
ductivity was first reported in inorganic materials 68
years before the first report in organics.

Although the discovery of superconductivity in or-
ganic solids is still too new to have led to commercial
applications, these findings clearly demonstrate that
organic materials can span a range of electrical con-
ductivity from insulating to superconducting.

CONDUCTING ORGANIC POLYMERS:
AN OVERVIEW

The study of electronic transport in organic poly-
mers is more than 30 years old. The first organic poly-
mers prepared were electrically insulating with conduc-
tivities as low as 107'* (ohm-centimeter)'. The insu-
lating properties result because all electrons in the poly-
mer are localized in the hybrid-atom molecular orbital
bonds, i.e., the saturated carbon framework of the
polymer. The insulators, which include polymers such
as poly(n-vinylcarbazole) or polyethylene, have ex-
tremely large band gaps; energies as high as 10 elec-
tronvolts are required to excite electrons from the
valence to the conduction band (Fig. 4). Electrical ap-
plications of such organic polymers are limited to in-
sulating or supporting materials where low density and
excellent processing and mechanical properties are
desirable.

Semiconducting organic polymers, sometimes called
electroactive polymers, exhibit conductivities from
10~ to 10? (ohm-centimeters)™ (Fig. 4). They can be
classified into three groups on the basis of their chem-
ical structure: (a) composite polymers that combine
graphite-like structures with metal particles (the con-
centration of metal particles may often reach 85 per-
cent by weight); (b) polymeric charge-transfer com-
plexes in which a cationic species, often a metal ion,
or an anionic species, such as the triiodide ion (I3)",
or an organic anion, such as TCNQ~ or TNF-
(trinitrofluorenide), interacts with the polymer chain;
and (c) conjugated polymers that show semiconduct-
ing properties because the w-orbital overlap along the
unsaturated polymer chain allows electronic conduc-
tion.

High electrical conductivity has been observed in
several conjugated polymer or polyene systems (Fig.
4). The first and simplest organic polymer to show high
conductivity was doped polyacetylene. In the doped
form, its conductivity is greater than 200 (ohm-centi-
meters)™'.® Although polyacetylene was first prepared
some time ago, it was not until 1977 that this polyene
was modified by combining the carbon chain with io-
dine and other molecular acceptors to produce a ma-
terial with metallic conductivity.

Polyacetylene consists of a linear chain of carbon
atoms with alternating single and double bonds. It has
one hydrogen atom attached to each carbon atom (Fig.
5), and each carbon atom has four valence electrons
surrounding the nucleus. Three of the electrons are
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Figure 5—Hybrid molecular orbitals in polymer chains.

used to form o bonds to hydrogen and adjacent car-
bon atoms. The electrons reside in sp>-type hybrid
orbitals. The fourth electron, however, is in a p,
bonding orbital and is not directly involved in ¢ bond-
ing. These p, atomic orbitals protrude from each car-
bon atom approximately normal to the carbon chain
and form =-type bonds with neighboring carbon atoms
to yield an extended molecule orbital. The w-bonded
molecular orbitals form a conduction band as is found
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in traditional semiconductors and metals. In fact, the
band gap for pristine polyacetylene is reported to be
in the range of 1.4 to 1.9 electronvolts. !

Polyacetylene is prepared in a one-step synthesis
from its monomer, gaseous acetylene. The product
forms as a thin film, has a silver-gray metallic luster
like aluminum foil, and can exist in either of two iso-
meric forms (cis or trans). If the reaction temperature
is below 250 K, the film is entirely in the cis form (see
Fig. 6); if the temperature is above 375 K, a trans iso-
mer is produced. When the temperature of the cis iso-
mer is elevated, a cis-trans isomerization occurs, con-
verting all of the polymer to the more stable trans
product. Examination of the polyacetylene films re-
veals that they are microcrystalline and that the struc-
ture is composed of a network of randomly oriented
fibrils. The highly anisotropic electrical conductivity
of crystalline polyacetylene before doping ranges from
10~ to 10® (ohm-centimeter)™.!!

The doping of polyacetylene is not performed in the
conventional manner, as, for example, silicon might
be doped with minute amounts of arsenic or phospho-
rus. Rather, in the context of the conducting polymer
field, doping refers to the chemical or electrochemi-
cal introduction of large amounts of acceptor or do-
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(a)

Figure 6—Polyacetylene. (a) Cis form and (b) trans form.

nor species into the polymer chain to produce carbon-
ium ions or carbon ions, respectively. For example,
when polyacetylene is exposed to strong electron ac-
ceptors such as iodine, bromine, or arsenic pentafluo-
ride (AsFs), the conductivity rises more than 12
orders of magnitude, and the product exhibits a p-type
conductivity (Fig. 7).'° If the polymer is combined
with metal ions such as sodium, lithium, potassium,
or silver, an n-type conductivity is observed.

The actual nature of the electrical conductivity in
doped and undoped polyacetylene is still highly
speculative. Several possible theories have been devel-
oped to explain the properties of these polymers. In
an ideal infinite chain length of polyacetylene, the 7
electrons would be expected to form a half-filled con-
duction band leading to one-dimensional metallic be-
havior. In reality, however, an infinite length of
(CH), units would be an intrinsic semiconductor with
an electron band gap of approximately 2 electronvolts
because the alternating double-bond/single-bond
structure has two units per unit cell instead of one;
hence, a semiconductor band gap is formed through
a Peierls metal-to-semiconductor transition.

An interesting theory invoked to explain the prop-
erties in undoped and doped polyacetylene involves
soliton waves.'? If two segments of the undoped
polymer chain, both in the lowest energy or ground
state, are out of phase by one carbon unit, a bond de-
fect or soliton exists at the kink in the chain where the
two segments meet; i.e., a shift in bond direction oc-
curs. This neutral soliton can migrate along the poly-
mer chain, thus displacing the electronic configuration
of the « electrons as it moves. A soliton distortion can
be spread over as many as 15 carbon atoms. In heavi-
ly doped polyacetylenes, the chemical dopant (accep-
tor or donor) produces an ionized soliton at the point
in the chain where charge transfer takes place. This
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Figure 7—Electrical conductivity of trans-polyacetylene film
as a function of doping concentration.

charged soliton, like the neutral soliton, can also dis-
place the electronic configuration as it moves down
the polymer chain.

In the 10 years since the discovery of the first high-
ly conductive organic polymer, work on numerous oth-
er conductive polyene systems (Fig. 4), including
poly(p-phenylene) (PPP), poly(p-phenylene sulfide)
(PPS), polypyrrole (PP), and poly(p-phenylene vi-
nylene) (PPV), has proved that, as a class of materi-
als, the unsaturated conjugated organic polymers can
be in an electrically conducting form and still main-
tain the low density, processibility, and elasticity that
make polymers unique materials.

One of the most scientifically and technologically
studied of the new organic polymers is polypyrrole.
It can be prepared electrochemically on metal elec-
trodes in solution from its planar aromatic monomer
pyrrole and an electrolyte such as Et,NClIO, (tetra-
ethylammonium perchlorate) or Et,NBF, (tetra-
ethylammonium tetrafluoroborate) (Fig. 8). The highly
stable, flexible films of polypyrrole produced by the
one-step electro-oxidation have room temperature p-
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Figure 8—Chemical structure of conductive polypyrrole.

type conductivities ranging from 10 to 100 (ohm-cen-
timeters) ™. 13

Electron micrographs show that the polymer is
densely packed with no evidence of a fibrillar struc-
ture. The proposed structure of polypyrrole is shown
in Fig. 8. The polymer is believed to be formed by link-
ing pyrrole rings at the a-carbon positions. Each ring
contains four carbon atoms, three hydrogen atoms,
and one nitrogen atom, and the rings appear to carry
a partial positive charge with a ratio of pyrrole to coun-
ter anions of about 4:1.

In addition to showing high electrical conductivity,
polypyrrole films can be electrochemically driven or
“‘switched’’ repeatedly between a black, highly conduc-
tive, 100 (ohm-centimeter) ' oxidized form and a yel-
low, nonconducting neutral form. The switching rate
for thin films is approximately one cycle per second. '

APPLICATIONS OF MOLECULAR
ELECTRONIC MATERIALS

Molecular electronic materials show great promise
in a wide range of applications. Many of these uses
will be in direct competition with existing inorganic
materials, while the novel properties reported in many
molecular crystals and polymers ensure that entirely
new applications and technologies will emerge from
the field.

A partial list of applications currently under devel-
opment includes capacitors, transistors, batteries,
memory devices, chemical sensors, transducers, and
plastic wiring. A complete description of each appli-
cation and material is lengthy; however, three novel
areas of application are described briefly below to il-
lustrate the role these materials may play in future
technologies.

Lightweight Rechargeable Batteries

Highly conductive organic polymers are being evalu-
ated as electrode materials in both disposable and
rechargeable batteries. When two sheets of polyacety-
lene or poly(p-phenylene) are separated by an insulat-
ing film of polycarbonate saturated with electrolyte
(lithium perchlorate) and are completely encapsulat-
ed in a plastic casing, a ‘‘plastic’’ battery can be made
(Fig. 9)." The two sheets of polyacetylene or poly(p-
phenylene) act as the anode and cathode for the bat-
tery. These novel polymeric batteries have several nota-
ble features: they are rechargeable, are one-tenth the
weight of a conventional lead-acid battery, and are
flexible enough to fit into a variety of configurations.

134

Electrolyte

Cathode
Anode
Plastic

Polymer electrode
(cathode)

Polymer
separator

Polymer electrode
(anode)

Figure 9—Schematic of a plastic battery.

Photovoltaic Applications

Several conductive polymers are being tested for use
as coatings on photovoltaic and photoelectroactive
semiconductors in solar energy conversion. As an ex-
ample, a film of conductive polypyrrole used as an
overcoat on the activated semiconductor cadmium sul-
fide can enhance the evolution of oxygen at the elec-
trode/electrolyte surface and thereby increase the
lifetime of the cell a million times. '®

In another example, a photoelectrochemical cell has
been fabricated using polyacetylene as the active pho-
toelectrode. In a Schottky barrier configuration, this
solar cell can deliver an open-circuit voltage of 0.3 volt
and a short-circuit current of 40 microamperes per
square centimeter under an illumination equivalent to
one sun.!” Polyacetylene may be an attractive mate-
rial for solar cells because studies suggest it is a direct
band-gap semiconductor with an optical band gap
matching the solar spectrum.

Electrochromic Polymer Displays

An electrochromic display is a thin solid-state de-
vice that changes color reversibly when subjected to
a small electrical potential. This new display technol-
ogy has several advantages over liquid crystal displays
currently in use: low power consumption, good opti-
cal contrast, a wide viewing angle, and an all-solid-
state construction.

In a unique application of charge-transfer organic
materials, electrochromism has been reported in a thin-
film system consisting of a polymer, polymethacryloni-
trile (PMCN), and organic redox materials such as
TTF or pyrazoline.'® An electrochromic display cell
structure using these materials is shown in Fig. 10a.
It consists of a transparent glass electrode, the elec-
trochromic polymer system, and a thin gold semitrans-
parent counterelectrode.

When the structure is electrically biased (1.0 to 3.5
volts), the optical density of the film changes (i.e., the
color changes) because the organic complex undergoes
a reversible electron transfer reaction from a neutral
form to an oxidized form (Fig. 10b). Using a TTF re-
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Figure 10—(a) Cell structure of an electrochromic display.

(b) Electrochromic mechanism in polymeric film.

dox compound, the color of the display changes from
yellow to bright red, while pyrazoline changes from
transparent to yellow. Multicolor displays are also be-
ing studied that use combinations of organic com-
pounds that exhibit multiple coloration at different
applied potentials.

MOLECULAR ELECTRONICS AT APL

Realizing the great potential of molecular electron-
ics, research at APL has focused on synthesizing and
evaluating a wide range of organic and polymeric
materials with useful electronic, optical, or magnetic
properties. Many of the more promising materials have
been further investigated in a variety of conventional
and novel device configurations. It is anticipated that,
as a result,’ it will be possible to develop materials,
techniques, engineering, and necessary basic scientif-
ic principles for future technological development in
the area of molecular electronics.

Our current explorations have centered on the de-
sign, synthesis, and fabrication of bistable switching
materials that can be used to store and process infor-
mation. The switching materials are used in devices
that rely on very fast, reversible, electron transfer reac-
tions to change the solid-state properties of thin-film
structures. The logic or memory operation is per-
formed within the confines of the organic molecular
structure of the device. Three distinct classes of bista-
ble devices have been demonstrated using organic ma-
terials based on charge-transfer complexes of the
TCNQ type: optical, electrical, and optoelectronic
switches. > All are activated by electric fields in-
duced by applied potentials, optical beams, or vari-
ous combinations of the two.

It has been postulated that the effect of the applied
electric field on an organometallic charge-transfer salt
(e.g., copper-TCNQ) is to induce a phase transition
to a nonstoichiometric complex salt, to neutral accep-
tor molecules (TCNQ?), and to metal atoms:
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E
— M° + M*(TCNQ),.,
heat

[M* (TCNQ)],

+ (TCNQ"), , ()

where M can be silver, copper, sodium, potassium, or
lithium.

The reaction shown in Eq. 1 is reversible, and the
thermodynamically favored initial phase (left side of
the equation) can be readily reformed by heating the
complex phase (right side of the equation) of the salt.
The observed changes in the electrical and/or optical
properties of devices fabricated from these organic
materials are direct consequences of the electric-field-
induced reaction shown in Eq. 1.

Various diagnostic techniques including infrared,
Auger, X-ray, photoelectron, and Raman spectroscopy
have been applied to specimens from the copper-
TCNQ (CuTCNQ) family to validate the mechanism
shown in Eq. 1.?! Raman spectroscopy is a useful
method for determining changes in oxidation state be-
cause it can monitor changes in the vibration energies
(frequency) of molecules. The frequency changes are
measured in wave numbers, centimeter ', a unit pro-
portional to the energy of a vibrational mode. For ex-
ample, the strong Raman bands observed in the
switched and unswitched CuTCNQ films can be used
to differentiate the two species (see Fig. 11). The
TCNQ », (C=C stretching) Raman bands are strong-
ly affected by the w-electronic structure of TCNQ. The
fully charged charge-transfer species has a maximum
at 1451 centimeter™!, whereas in the neutral TCNQ
species, the band is shifted to 1375 centimeter'. Us-
ing this technique,? it is easy to distinguish the
switched from the unswitched complex. 26!

Photochromic Properties

Spectroscopic techniques reveal that two types of re-
versible switching effects in the organometallic materi-
als are induced by external electric fields at optical
frequencies. The type of effect observed depends on
the irradiance (expressed in watts per square cen-
timeter) of the incident optical beam. At low irradi-
ance levels, optoelectronic switching from a high to
a low electrical impedance state can be induced, while
at increased irradiance levels, high optical contrast pat-
terns can be generated directly on the thin-film mate-
rial. In the first case, small amounts of neutral donor
and acceptor molecules are produced during the irradi-
ation. They remain locked in the crystal structure of
the thin-film material and readily recombine when
heated to form the original charge-transfer salt. In the
second case, the higher irradiance levels produce mac-
roscopic amounts of neutral donors and acceptors that
are visible to the unaided eye. Under these high irradi-
ance levels, the original crystal structure is often dis-
torted, and increased heating is required to reform the
original donor-acceptor complex.
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Figure 11—Raman spectra. (a) Neutral TCNQ; (b) CuTCNQ
film; (c) CUTCNQ film after exposure to an argon-ion laser.

An area of significant interest is the change in the
macroscopic optical properties of these organometal-
lic materials in an electromagnetic field. The poten-
tial for large changes in transmission and reflection
in CuTCNQ and other members of the family makes
these compounds prime candidates for high-speed pho-
tochromic filters.*? The films undergo a change from
their blue and violet colors to a rather pale yellow that
is characteristic of neutral TCNQ. As is shown in Fig.
12, a typical CuTCNQ film formed by solid-state dif-
fusion is rather poorly transmitting from the mid-
visible to the near-infrared region in the vicinity of
1100 nanometers, and there is a substantial increase
in transmission extending into the infrared. Upon ir-
radiating the CaTCNQ film with an Nd:YAG laser at
532 nanometers, one observes a significant increase in
transmission throughout the spectrum ranging from
the mid-visible to the infrared. Dramatic increases are
observed in the red end of the spectrum and in the near
infrared, regions that are of particular interest with
respect to many of the principal laser sources.

The transmission properties of silver-TCNQ
(AgTCNQ) film are shown in Fig. 13. In contrast to
the changes observed in CaTCNQ, the switched and
unswitched films are quite similar in the infrared por-
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Figure 12—Typical CuTCNQ transmission switch: 30-milli-
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Figure 13—Typical AGTCNQ transmission switch: 45-milli-
joule pulse from a frequency-doubled Nd:YAG laser.

tion of the spectrum. Large changes in transmission
are noted in the visible part of the spectrum between
400 and 600 nanometers. The switched AgTCNQ be-
comes strongly transmitting in a band centered at 500
nanometers, while the unswitched film is poorly trans-
mitting in the same region.

An Erasable Compact Disk

The interaction of laser radiation with matter in op-
tical storage systems has received considerable atten-
tion. Different media, including photographic films,
photoresists, photosensitive polymers, photochromics,
thin amorphous films, and electro-optic materials,
have been proposed as optical storage systems.>* The
mechanism of optical storage by means of interaction
with laser light varies considerably. In all of these sys-
tems, however, the process of optical storage relies on
changes in the optical density, surface morphology,
magnetism, or refractive index of the photosensitive
material. Present optical storage systems have been ap-
plied in the fields of document storage, audio and vid-
eo reproduction, and direct data collection. Optical
storage systems have not seen widespread application
in computer technology because most optical media
are not erasable.

We have recently developed an erasable optical re-
cording medium using the electric-field-induced switch-
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ing effect in films of copper or silver complexed with
the electron acceptors tetracyanoethylene (TCNE),
tetracyanonaphthoquinodimethane (TNAP), TCNQ,
and derivatives of TCNQ (Fig. 2). The switching in
these materials is reversible and fast, with switching
times of less than 10 nanoseconds in static switching
experiments.

Figure 14 shows a cross section of a typical erasable
optical disk medium using one of the TCNQ family
of organometallic materials. An approximately 2000-
angstrom-thick organic charge-transfer salt is deposit-
ed on an aluminum, glass, or polycarbonate support-
ing base using a solid-state diffusion process. The
solid-state diffusion deposition guarantees that the or-
ganic film will be uniform over a wide area and that
the size of the individual crystallites (less than 1 mi-
crometer) will be minimized. The disk is complete
when a thin protective polymer overcoat is cast over
the organometallic layer.

The disk can be placed in an optical recording, play-
back, and erasure system. Figure 15 is a diagram of
a typical laser diode optical recording system. Infor-
mation on the spinning disk is recorded, read, and
erased by modulating the intensity of the laser. The
laser is focused to a diameter of less than 1 microme-
ter on the disk by means of a series of collimating and
objective optics, providing information storage of 10®
to 10° bits per inch. To record information, the in-
tensity of the modulated laser is increased above the
power threshold of the particular organic charge-trans-
fer complex, thus producing a series of high-contrast
spots on the surface of the rotating recording medi-
um. The precise sequence of spots (bits) on the medi-
um stores information in a binary code of Os and 1s.
The stored information is read by illuminating each
bit with a continuous reduced-power beam (below the
write threshold) and by monitoring the reflected in-
tensity with a suitable photodetector. The information
can subsequently be erased by adjusting the laser pow-
er level and pulse duration to cause localized heating
of the medium.

Figure 16 is an example of optical information stor-
age using this organometallic medium. It shows the
magnified surface of an AgTCNQ optical disk. Note

Transparent
protective coating

Incident laser beam

=z & |\

A~
A\
A}

Thin crystalline film
of organic
charge-transfer salt

Supporting base material

Figure 14—Schematic of an optical storage disk using an or-
ganic charge-transfer complex.
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the high contrast between the optically switched re-
gions (spots) and the background. The spots were
made with the 532-nanometer line from a pulsed Nd:
YAG laser; the laser energy was about 5 microjoules
per pulse. The spot size was approximately 20 micro-
meters.

We have irradiated a number of other CuTCNQ and
AgTCNQ type charge-transfer complexes with lines
from an argon-ion laser, an Nd:YAG laser, an HeNe
laser, a GaAlAs laser, and a CO, laser. In the
majority of materials studied, the write-threshold pow-
er is relatively independent of wavelength throughout
the visible and infrared region of the spectrum. The
threshold writing power varies between 3 and 150 mil-
liwatts depending on the specific choice of metal-
acceptor complex. Those power levels are well within
the capabilities of most moderately powered commer-
cial laser systems.

MHTTCNQ- layer

Optical disk

Polymer top coat

GaAlAs diode laser @

Beamsplitter

Track, focus, and /

information detection

Figure 15—A typical optical recording system.

==

Figure 16—Magnified surface of an AGTCNQ optical disk
showing the high contrast between optically switched and
unswitched regions.
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A Novel Multiple-State Optical Recording System

Existing optical storage media retain information by
switching between two states. We have shown that or-
ganic charge-transfer complexes can be used to devise
multistate optical recording systems. These media (un-
like existing binary media that store information by
switching between two states, 0 and 1) can store two
or more bits of information in the same area that nor-
mally stores only one.

To understand how organic molecules can be used
to make such a switch, one must first understand the
general principles of two-stage electron transfer reac-
tions. Examples of such reactions exist in reversible
radical ion systems. The formation of quinhydrone,
produced from the radical ion semiquinone, which is
itself formed initially from the reduction of quinone,
is a reversible two-stage electron-transfer reaction. This
reversible redox system with a transfer of two electrons
in two separate steps is shown in Fig. 17. The chemi-
cal structures have large delocalized systems in both
the reduced and semireduced oxidized states. The
stages differ only by two charges; otherwise, they are
iso-w-electronic with one another. An important as-
pect of this reaction is that the redox process occurs
only as electron transfer; no rupture of single bonds
takes place in the reversible process. Each radical part-
ner in the system has high thermal stability, which is
important for possible applications in optical process-
ing and storage.

It has been our intent to take this general principle
of organic chemistry and apply it to the metal-TCNQ
class of organometallic semiconducting materials. By
combining the multistage redox aspect found in many
organic amphoteric compounds with the interesting
chemical and optical properties associated with the
switching effect observed in CatTCNQ- and AgTCNQ-
type complexes, we can make a totally new multistate
switching material for optical recording applications.

Thin films containing two different radical ions
mixed in a nearly 1:1 ratio have demonstrated multi-
ple optical switching effects. In one experiment, neu-
tral TCNQ(O-ipr)J is added to a CH;CN (acetoni-
trile) solution containing copper metal foil and allowed
to form the CuTCNQ(O-ipr), complex. The film of

Quinone Semiquinone  Quinhydrone

0 0:(-) 0:(-)

l II‘ j: II AN - F I
G AN

0 (0] 0:(-)

Oxidized Semireduced Reduced

Figure 17—Reversible two-stage, electron-transfer reaction
of quinone.
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CuTCNQ(O-ipr), is then reacted again in a solution
of TCNQ? in CH,CN, which displaces some of the
TCNQ(O-ipr)? in the film. The result is a mixed com-
plex of the formula Cu(TCNQ"), (TCNQ(O-ipr););_y-
The resulting thin polycrystalline film is then irradi-
ated with increasing power density using an argon-ion
laser source. Changes in the composition of the film
are monitored using Raman spectroscopy. We have
shown in an earlier experiment (Table 1) that the elec-
tric field strength required to cause the switching tran-
sition depends on the reduction potential of the ac-
ceptor molecule. We were able to make use of this field-
strength dependence to switch each copper salt sequen-
tially from the charge-transferred complex to a new
solid phase containing some neutral acceptor
molecules.

In the multistate optical recording medium, a sin-
gle laser source is used to record sequentially and ac-
cess multiple bits of information at one location on
the surface of the film. One method of accessing in-
formation is by measuring shifts in the Raman bands
between fully charge-transferred species and neutral
molecules formed by the stepwise increase in laser writ-
ing power.

The results of a typical experiment are outlined in
Fig. 18. The unrecorded medium is first accessed us-
ing an argon-ion laser operating at low power level in
a Raman spectrometer. Strong v, (C=C stretching)
Raman bands are observed for both CaTCNQ and
CuTCNQ(O-ipr), in the unswitched film shown in
Fig. 18. The two compounds can easily be distin-
guished from one another because the CuTCNQ(O-
ipr), stretching frequency at 1390 centimeter™ is
shifted approximately 15 centimeter' from that of
CuTCNQ at 1375 centimeter .

To record a bit of information at a particular loca-
tion, the power of the argon ion laser is briefly in-
creased to 20 milliwatts. At that power level, the
CuTCNQ(O-ipr), switches to produce neutral spe-
cies, but the field strength is not great enough to switch
the TCNQ. In Fig. 18, we see that the result of this
20-milliwatt exposure is to produce a new band at 1467
centimeter ! corresponding to neutral TCNQ(O-ipr)J.

To record a second bit of information at the same
spot, the power of the argon ion laser is momentarily
increased to 40 milliwatts. In Fig. 18, the result of this

Table 1—Relationship between reduction potential of the ac-
ceptor and field strength at switching threshold.

Reduction Approximate field

Polycrystalline Dpotential at switching
charge-transfer  of the acceptor threshold
complexes (02 (V/cm)
CuTCNQ(OMe), - 0.01 2.4 x 10°
CuTCNQ +0.17 57 x 10°
CuTNAP +0.20 82 x 10’
CuTCNQF, +0.53 1.3 x 10*
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Figure 18—Raman spectra of multistate optical switching
medium.

increased laser exposure (which exceeds the optical
switching threshold for both CuTCNQ and CuTCNQ
(O-ipr),) is to produce a new Raman band at 1451
centimeter . This strong band is evidence of the for-
mation of neutral TCNQ species in the film. The two
separate reactions producing neutral acceptor mole-
cules can then be reversed using heat to reform their
original charge-transfer complexes.

This experiment demonstrates the possibility of a
multistate information system using semiconducting
organometallic films from the TCNQ family. It is ex-
pected that multiswitching can be observed in a wide
variety of other related radical-ion acceptor salts by
mixing different molecules together or by changing the
donor metal. A film composed of CuTCNQ and
AgTCNQ will switch at different applied electric fields
in a manner similar to the metal TCNQ-TCNQ(O-
ipr), system.
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At present, we are chemically linking the various ac-
ceptor molecules through o- and 7-bonding systems.
We are also synthesizing and studying new molecules
that combine the multistate or amphoteric properties
of molecules such as hydroquinone in a single, strongly
delocalized, acceptor molecule.

Two Terminal Organometallic Logic Elements
for Novel Computer Architecture Applications

Recent interest in the field of computer hardware
design has centered on the possibility of constructing
a delocalized content-addressable memory using par-
allel processing. An associative memory processor dif-
fers from a serial processor in that data are stored and
addressed by content rather than by specific address
location. "¢ A computer model simulation developed
by J. J. Hopfield has shown that content-addressable
memory is feasible and may offer significant benefits
in processing speed, familiarity recognition, error cor-
rection, simplified software, and insensitivity to in-
dividual logic element failure.?’

An associative memory is a device that stores and
processes information in a number of cells. The in-
dividual cells are recorded on and accessed by their
content. Therefore, each logic element must be able
to process as well as store data. The cells are intercon-
nected in a large matrix or array. In an associative
memory, the storage capacity increases asymptotical-
ly in relation to the number of storage elements, mak-
ing high-density arrays essential to the basic archi-
tecture. To fabricate such dense circuitry, simply con-
structed logic elements are advantageous. A basic logic
element that might meet these requirements for as-
sociated memory processing is a two-terminal bista-
ble electronic switch.

We are currently evaluating the possibility of build-
ing an associative memory using organometallic mole-
cular materials. Earlier work demonstrated two-ter-
minal bistable electrical switching and memory phe-
nomena observed in polycrystalline films of either cop-
per or silver complexed with the electron acceptors
TCNE, TNAP, TCNQ, and various TCNQ deriva-
tives, 2026

The basic device consists of a thin polycrystalline
film of a copper or a silver charge-transfer complex
sandwiched between two metal electrodes to which an
electrical connection can be made. We have developed
an all-solid-state method, compatible with microelec-
tronic techniques, to make the two-terminal switch-
ing devices for possible use in large arrays. A magni-
fied two-terminal bistable switching element prepared
by this technique is shown in Fig. 19.

Using the solid-state processing technique, we have
prepared a 4 X 4 matrix of 1-bit, two-terminal, bista-
ble storage elements. A magnified photograph of the
matrix, before electrical contact was made to the eight
metal pads, is shown in Fig. 20. The substrate is glass,
the first metal deposited is copper, the acceptor mole-
cule is TCNQ, and the top metal pad is aluminum.

Threshold and memory behavior are observed in
each of these logic elements by examining current as
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Glass substrate

Al contact

Cu contact

CuTCNQ
switching
SiOy element
insulator
Figure 19—Schematic of a CuTCNQ bistable switching
element.

Figure 20—Photomicrograph of a 4 x 4 matrix of organic
switching elements.

a function of voltage across the two-terminal struc-
ture. Figure 21 shows a typical DC current-voltage
curve for a S-micrometer thick Cu/CuTCNQ/Al sys-
tem. There are two stable nonohmic resistive states in
the material. Switching occurs when an applied poten-
tial across the sample surpasses a threshold value
(V) of 2.6 volts, corresponding to a field strength of
approximately 8.1 X 103 volts per centimeter. At this
field strength, the initial high impedance of 1 x 10*
ohms drops to a low impedance value of 200 ohms.
A rise in current to 4 milliamperes and a decrease in
the voltage to approximately 1.2 volts along the load
line (dotted line) are observed in the CuTCNQ system.
These results are representative of the switching effects
observed in all of the metal charge-transfer salts ex-
amined and are characteristic of two-terminal S-shaped
or current-controlled negative-resistance switches.
It has also been observed that once the film is in the
conducting state, it will remain in that state as long
as an external field is applied. In each case, the film
eventually returned to its initial high-impedance state
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Figure 21—Typical DC current-voltage characteristic show-
ing high- and low-impedance states for a CuTCNQ sample.

after the applied field was removed. The time required
to switch back to the initial state appears to be direct-
ly proportional to the film thickness, the duration of
the applied field, and the amount of power dissipated
in the sample while in the low-impedance state, as well
as the choice of donor metal and electron acceptor
species.

SUMMARY OF APL’s RESEARCH
PROGRAM

We have demonstrated that the unique chemical and
physical properties of a particular class of organome-
tallic solids can be used as fast photochromic filters,
erasable optical recording media, two-terminal bista-
ble threshold and memory logic elements, and optoe-
lectronic switches. These materials may find applica-
tion in both conventional and novel information pro-
cessing and storage. Two novel applications of these
organometallics are in optical recording media and in
high-density memories. Organometallic charge-trans-
fer salts provide an avenue to extend the present limits
of recording density imposed by conventional laser and
optics systems by recording and accessing multiple bits
of information at a single spatial location. In this sys-
tem, the information is stored in and read from specific
molecular energy levels in various organic radical-
anion species. In the two-terminal bistable switches,
the rapid resistance changes that accompany the field-
induced phase transition may be used in logic elements
for associative memories.

In the various devices and applications, the concept
of molecular architecture is used, i.e., the chemical
structure dictates the specific physical properties ob-
served in each device. This research has established a
foundation of materials and fundamental scientific
principles amenable to the design of new molecular
electronic devices.
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In 1985, a limited license was granted to the W. R.
Grace Company to develop an erasable optical record-
ing system based on organic molecular complexes.
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