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METHOD FOR CONDUCTANCE
SWITCHING IN MOLECULAR
ELECTRONIC JUNCTIONS

The present application claims prerity to US. provi-
siomal application No. 60/365,4635, fled Mar, 19, 2002 and
to LS, provisional application No. 60/403,397, filed Aug.
23, 2002, both of which are hereby incorporated in their
cotirety by reference.

The present invemion was made with Government sup-
port under Grant No. RF 737159 awarded by the National
Science Foundation. The United States Government may
have certain rights to this invention under 35 U.5.C. §200 at

sEq.
TECHNICAL FIELD OF THE INVENTION

The present imvention is in the field of chemical mono-
layers and microelectronic junctions, and includes chermical
sensors, photosensors, electrochemical devices, memory
devices, and other devices conlaining them.

BACKGROUND OF THE INVENTION

Conduclance switching is the basis of many potential
molecular electronic devices, and has been the focus of
numercus research elfors in recent years. If a single mol-
ccule or an assembly of molecules can be switched between
& high conductance state and a low conductance state by an
electrical or optical stimulus, molecular scale memoery and
logic elements become possible, and molecular electronic
components may be integrated with conventional microelec-
Iromics or be assembled into true molecular circuits. A range
of molecular structures that exhibit conductance switching
have heen reported, including self-assembled monolayers
(5AMs) of phenylethylnyl oligomers, rotaxanes oriented
belween two conductors by Langmuir-Blodgett assembly
and nilroazobenzene thin films bonded to carbon, The phe-
nomenon of negative differential resistance is notable as an
example of a small collection of molecules changing from a
high to a low resistance state in an applied electric feld, then
back 1o the high resistance state as the field was increased
further. In several cases the states of the molecule arc
persistent and controllable, and may repeatedly cyele
between "ON" (low resistance) and “OFF" (high resistance)
states,

Although several examples of conduclance switching
have been extensively investigated, the swilching mecha-
nism in most cases is unknown, and the sehject of some
controversy, Megative differential resistance (NDR) was
originally attributed (o redex reactions involving a nitro
and/or amino group in the monolayer molecule, but switch-
ing was subsequently observed without such groups present.
NDR was also aurbuted to shifts in molecular orbial
energies in response W an applicd clectric feld, resulting in
resonant tunneling at certain applicd ficld magnimdes,
Swilching by isolated phenylethylny]l molecules in mostly
aliphatic 5AMs was ohserved 1w be stochastic by scanning
wnneling microscopy (STM), and was atiributed to confir-
mation changes, possibly involving interactions with the
monalayer surrounding the active molecules. OF course, any
mechanism established o explain conductance switching
dlso bears directly on the broader issuc of which factors
control electronic conductivity in organic molecules, a topic
of wide interest in the areas of conducting polymers, opto-
electronic matcrials and energy conversion, in addition w
molecular electronics.

We report here a completely new approach to fabricating
molecular junclions that exhibit conductance swilching, and
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2
which provide critical insights into the swilching mecha-
nism. The present application hereby incorporates, in its
entirety, by reference application Ser. No. 09/755,437, filed
lan. 5, 2001, entitled “Chemical Morolayer and Micro-
Electronic Junctions and Devices Containing Same™.

“Conductance switching™ refers (0 a change in conduc-
tivity of a molecular junction. The molecule acts as an
electronic conductor thal has at least two distinct states, one
of low resistance and one of high resistance, In response (o
some stirnulus, the molecule can be made o change con-
ductance states. Swilching has been reported for several
molecular junctions, but never with carbon substrates. The
mechanism is controversial and the chemical requircments
Tor & successful molecular switch are unknown,

The large contemporary interest in molecular clectronics
has 115 onigin in several diverse areas, including conducting
polymers, long-range electron transfer, and molecular tran-
sistars, Combined with nanofabrication techniques, molecu-
lar electronics concepls hold great promise for creating new
molecular devices for information storage and processing, as
well as chemical and optical sensing, Two aspects of
malecular clectronics are particularly relevant w the curment
propoasal: sublithographic fzbrication and the exploitation of
molecular properties in elecironic devices. Much of the huge
rescarch cffort in nanotechnology expended to date was
direcled toward nanoscale or single molecule devices,
driven by the promise of much higher data density and
processing speed. Such devices are helow conventional
lithographic size scales and would require novel methods of
assembly. Single molecule or nanoscale clectronic devices
hold exceplional promise for technical and economic value,
bt also present formidable hurdles for practical utility, and
massively parallel fabrication.

The approach described herein is directed toward the
second major area of molecular electronics: the exploitation ~
of molecular properties for electronic, chemical, and optical
funetions, A molecular junction of the present invention is
nanoscale” (3-50 A) in one dimension, but may he incor-
porated into a lithographic structure which is micron-scale in
the other two dimensions. The use of 2 carbon substrate and
conjugaled, covalent bonding to a2 monolayer is a completely
new approach o forming molecular junctions, and may have
some profound consequences described below. Given the
huge range of structures that might be incorporated into a
molecular junction, a correspondingly large range of clee-
tronic properties 15 expected. As examples, molecules have
a variety of energy levels analogous to semiconductor band
gaps, and it should be possible 10 make a junction that can
sense or produce photons, store charge, and interact with
nearby molecules in a sensor,

In order to demonstrate the novelly of the present
invention, a brief overview of the general area of molecular
electronics is necessary. The general area has been guile
active since approximalely 1990, with a primary target being
demonstration of current {low through molecules. Metalf
thiol and Langmuie-Blodgell structures have demonstrated
veTy interesting properies aboul molecules as components
in electronic circuits, including Coulomb siaircases, Schot-
tky barmers, rectification, charge storage and slaircase
currentvoltage curves, Moleoular memory devices and mul-
tistate logic elements made from molecules assembled by
the Langmuir-Blodgeit technique have received wide rec-
agnition in both the scientific and popular press. Molecular
junctions involving alkane chains between two mercury
drops or between mercury and silver have also been
examined, and compared to the behavior expecled from
tueneling, Althowgh the goldthiol and Langmuir-Blodgent
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structures used to fabricate these melecular devices have
been widely studied, they have yet to vield a commercial
clectronic product.

A different approach related 1o the present invention is
based on conducting organic polymers and semiconduciors,
which may be fabricated into analogs of traditional inor-
ganic semiconductor devices such as transistors, light emit-
ting diodes, and photosensors. The recent Mobel Prize in
Chemistry, shared by Alan MacDiarmid, Alna Heeger, and

Hideki Shirakawa rccognized the promise of conducting

polymers for electronic devices, and this technology is the
basis of 4 start-up company (Uniax) recently purchased by
DuPont. Although there is great promise for conducting
polymers in electronic devices, lght emilting diodes, and
chemical scnsors, the current approach differs [undamen-
tally. The organic layer of the present invention is mone-
meric and orened, unlike conducting polymers, and cova-
lent bonding of contact and monolayer results in strong
electronic coupling between contacts and melecules.

The field of electrochemistry is based on electron transfer
between a conductor and a molecule, sometimes through a
monolayver film, and some electrochemical principles are
directly applicahle to molecular electronics. The conceptual
distinction between electrochemistry and molecular elec-
ronics is important, however, even though both may invalve
rransduction between chemical and electronic events. Elec-
trochemistry transforms a chemical event to elecironic cur-
rent flow by a process (such as a redox reaction) which has
an aclivation barrier manifested as reorganization energy
and other work terms. In contrast, the behavior of a molecule
in an electronic circuit need not involve a chemical activa-
tion barrier or ionic motion; it may be viewed as totally
clectronic. Electrochemical signal transduction combines
“chemical” and “electronic” phenomena, while signal trans-
duction via molecular electronics may be entirely “elec-
tronic”. The wide range of available molecular structures
should impart equally wide varability to an electronic
circuit, whether the circuit is totally “molecular” or 4 hybrid
of molecular and conventional electronics. The potentially
powerful aspects of molecular electronics to be exploited
berein are the control and/or modulation of clectronic circuit
behavior by chemical events, and exploilation of molecular
variety for advanced sensing and information processing,

This brief review indicates the promise of molecular
electronics for various applications, including high dala
density storage, small and multifunctional processors, and
possibly sell-assembling complex devices. A few peneral
observations aboul existing technigues are relevant to the
approach proposed here. First, the Aw'thiol SAM is widely
studied and relatively simple to prepare, but is prone to
pinholes generally limiting SAM devices to small areas
[~30x20 nm), In fact, the SAM system must have a finite
density of pinholes at equilibrivm in order to cxhibit self-
assemnbly. Second, the relatively weak interactions respon-
sible for orienting Awthiol and Langmuir-Blodgett (LB)
structures are thermodynamically prooe 1o disordering, since
the bond cnergies are 40 kcal/mole or less (zbhoul L& eV).
Third, both Aw'thiol and LB structures result in an energy
barrier belween the conductor and the molecule. The polar,
partly ionic Au—S bond represents an —2 eV harrier for
SAMs, while LB structures are oflen positioned on metal
oxide films having high resistance (>1 MQ). No structure
vet reported has an obmic contact between molecule and
conductor, thus hindering the inclusion of molecular prop-
erties into an electronic circuit. Fourth, molecular devices
wilh sizes below the current lithographic limit (~100 rm) are
difficult to fabricate in a massively parallel device, at least
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wilth any currenlly available methods. S0 the problem of
parallel fabrication must be surpassed for the case of sub-
lithographic devices, in order 1o produce cost-effective com-
ponents of integrated circuits. In summary, before a practical
device that harnesses the power of directly combining
molecular properties with electronic conduction can be
realized, several milestones must be achieved:

Low resistance, chmic contact between conducting con-
tacts and molecule,

Incorporation of molecular propertics (tunable band gap,
chemical and optical sensitivity) into clectronic circuit.

Robust, long-lived performance with indefinite shelf life.

Massively parallel fabrication, s or below the litho-
graphic limit.

Compatibility with conventional microelectronics in a
hybrd circui,

SUMMARY OF THE INVENTION

The present invention includes chemical monolayer
constructions, clectronic constructions and devices contain-
ing one or more of those constructions.

As used herein, the term “stimulus” will be undersiood as
including light, electrical stimuli, and chemical stimuli.
Stimuli shall be understood as inducing switching in the
Junction (or monolayer) from a conductive stale o a non-
conductive stale or vice versa

As used herein, the lerm “strongly coupled electronically™
is used to indicate that the substrate(s) and monolayer share
one or more common molecular orbitals, and thus that
electrons are delocalized over both the monolayer and the
substrate. “Strongly coupled clectronically” can also be
interpreted as a chemical bond between the substrate and the
monolayer which is stable enough (o permit switching of the”
monolayer and the conductance of electricily across the
hond. The term also refers, in the case of an organic moicty,
to electronic coupling that is at a level greater than the
aliphatic equivalent of the bond in question. A conjugated
bond is one example of strong electronic coupling. As used
throughout, the term “conjugated™ shall mean conjugated in
its typical and (raditional capacity except for instances
where a metal or silicon substrate are employed. For a metal
or silicon substrate, the use of ihe lerm conjugated shall be
interpreied o mean that the metal-carbon, metal-oxygen,
silicon-carbon or silicon-oxygen bond between the substrate
and the monelayer are strongly coupled electronically.

In broadest werms, the chemical monolayer construction of
the present invention compriscs: a substrate having a contacl
surface and a monolayer of a plurality of substantially
parallel molecular units attached 1o the contact surface of the
substrate, wherein the molecular units are atlached o the
substrate 50 85 0 be strongly coupled electromically 1o the
substrate and wherein the molecular units have an average
length, the contact surface of the substrate has a roughness
value that is substantially less than or cqual to the average
length of the malecular units, and wherein the substantially
paralle]l molecular units comprise a chemical structure that is
capable of being changed from a relatively non-conductive
state 1o a relatively conductive state by the application of a
stimulus,

The contacl substrale may be any substrate adapted 1o
have a surface that may be produced or rendered 10 the
specified smoothness by any appropriate method and that
may be amenable o conjugaled bonding. For example, the
substrate may be conductive carbon, such as one comprising
or consisting essentially of conductive carbon. Suitahle
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conductive carbon substrates include pyrolyzed carbon,
preferably in the form of pyrolyzed photoresist film (PPF).
When carbon is used as the subsirate, the elecirical proper-
ties of lhe substrate may be varied by varance of the
precursor (e.g., anthracene, polyvacrylonitrile, etc.) or vari-
ance of the deposilion technigue {e.g., heat treatment or cold
sputtering), This permils one to vary the clectronic proper-
ties of the subsirale as well as the monolayer. Further, the
substrate may comprise 2 suilable metal or suitable semi-
conductor such as silicon.

The roughness parameter relates generally to the ability of
the monolayer to clectrically connect o the respective
substrate surface(sconductive component(s) without a sub-
stantial number of areas ar wial area of conductance break-
down (referred to as “holes” or “shorts™), Naturally, depend-
ing on the degree of conductivity of the monolayer and ils
comstileent molecular units, the monolayer junctions and
devices may lolerate a greater or lesser number andior size
of shorts attendant 1o non-uniformity in the contact between
the monolayer and the elecirically comacted substrate or
conductive components.

Accordingly, the present invention, in broadest terms, is
not limited to any degree of roughness in the constituent
substrate surfaces. However, for monolayers such as those
deseribed below, the root-mean-square (RMS) roughness
typically will be less than about 200 Angstroms, most
preferably less than aboul 5 Angstroms.

It is preferred that the substrate comact surface has a mean
roughness value that is less than or cqual to the average
length of the molecular units coupled w the subsira.
Preferably, the contact surface will have a mean roughness
value less than 500 Angstroms, more preferably less than 50
Angstroms, and most preferably less than 10 Angsiroms.

It is prefermed that the monolayer of substantially parallel
molecular units are chemically bonded to the contact surface
of the substrate by a chemical bond having the formula;
R—X, wherein R is 2 metal, silicon or carbon atom of the
substrate and X is an oxygen or carbon atom of the sub-
slantially parallel molecular units. Thus, the substantiaily
parallel molecular units may be bonded to the substrate by
a chemical bond such as metal-oxyzen, metal-carhon,
carbon-carbon, carbon-oxygen, silicon-carbon or silicon-
oxygen,

The molecular units may be any moiety capable of
providing a conjugated bond 1o the first contact surface, and
typically will contain at least three aloms. Typically, the size
of the molecular unit will be at least as large as a benzene
nng, and may have any degree of conjugalion across its
length, and may contain any number of heteroatoms in
accordance with the desited conductivity or function (e.g.,
whether the desired device is 1o be tuned to a cerain
wavelength for photodetection or phowdicde activity, or
whether a metal-sensitive device is produced as described
herein), The substantially parallel molecular units may com-
prise at least two types of molecular units having lengths that
may or may nol be subslantially the same.

Preferahly, the molecular units are of such dimension that
holes or shorts in the chemical monolayver are not so sub-
stantial as to affect functionality, Preferably, the molccular
units arc substantially the same lengths. In this same regard,
it 15 preferred that the comtact surface of the subsirate
preferably has a roughness value that is smooth enough 10
avoid significant degradation in function of the monolayer,
Preferably, the roughness value is substantizlly less than or
egual to the maximum length of the molecular unitis), or
preferably, less than or equal to the average of the various
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lengths of the molecular wnil types where more than one
maolecular unit type is used. One of the cssential character-
istics of the monolaver of the presenl invention is that an
clectric current may be made to pass substantially through
Lhe molecules. There may be small areas of “'shorl circuil” in
sorme inslances, but the value of the invention siems from
miaking the molecular unit(s) part of an electric circuit.

It is preferred that the chemical siructure comprise at least
one aromatic group when in the relatively non-conductive
state, it is further preferred that the chemical structurc be
adapted to change to a guinoid moiety so as to atlain a
relatively conductive state. It is further preferred that the
chemical structure be selected from the groups consisting of
substituted and unsubstituled phenyl, benzyl and phenolic
groups. It is more preferred that the chemical structure be
selected from the group consisting of fuorene, biphenyl
groups, nitrated bipheny! groups and azobenzyl groups. It is
also preferred that the chemical structure comprises a
sequence of phenylene oligomers, ranging from a single
phenyl ring o polyphenylene,

The chemical monolayer construction may additionally
comprise a source of electrical current supplied to the
sithatrate 50 as o be conducted by the plurality of substan-
tally parallel molecular units,

The present invenmtion further comprises a chemical
monolayer construction comprising a subsirate having a
conlact surfzoce and a monolayer of a plurality of substan-
tially paralle]l molecular units attached to the contact surface
of the substrate, wherein the molecular units are attached o
the substrate through a conjugaled bond, and wherein the
substantially parallel molecular units comprise a chemical
structure that is capable of being changed from a relatively
non-conductive state to a relatively conductive state by the
application of a stimulus,

The contact substrate may be any substrale adapted to
have a surface that may be produced or rendered o the
specified smoothness by any appropriate method and that
may be amenable o conjugated bonding. For example, the
substrate may he conductive carbon, such as one comprising
or consisting essentially of conductive carbon, Suitable
conductive carbon substrates include pyrolyzed carbom,
preferably in the form of pyrolyzed photoresist film (PPF),
When carbon is used as the subsirane, the clectrical proper-
ties of the substrate may be varied by vadance of the
precursor (&g, anthracene, polyacrylonitrile, ete) or var-
ance of the deposilion technique (e.g., heat treatment or cold
sputtering ). This permils one to vary the electronic proper-
tics of the substrate as well as the monelayer. Further, the
substratle may comprise a suitable metal or a suitable semi-
conductor such as silicon.

[t is prefermed that the contact surface of the substzale has
a roughness value (RMS) less than about 200 Angstroms. It
is more preferred that the roughness value be less than about
20 Angstroms. It is most preferred that the roughness value
be less than about 5 Angstroms, [Uis highly preferred that the
comtact surface has a roughness value thal is substantially
less than or cqual to the average length of the moleccular
units,

The chemical struclure may comprise at least one aro-
matic group when in the relatively non-conductive state,
further, the chemical structure may be adapled to change to
a guinoid moicty so as to attain the relatively conductive
state, It is prefemmed that the chemical structure be selected
from the groups consisting of substituted and unsubstilted
phenyl, benzyl and phenolic groups. A more prefermed
chemical structure is polyphenylene. Further, the chemical
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structure may preferably be selected from the groups con-
sisting of biphenyl groups, nitrated biphenyl groups and
arobenzyl groups,

It is preferred that the monolayer of a plurality of sub-
stantially parallel molecular units are chemically bonded to
the contact surface of the subsiraie by a chemical bond
having the formula: R—X, where R is a metal or a carbon
atom of the substrate and X is an oxygen or carbon atom of
the substantially parallel molecular unit, It is [urther pre-
ferred that substantially parallel molecular units have an
average length greater than or equal to the roughness value
of the contact surface. It is also preferred that the subsian-
tally parallel molecular units are of substantially the same
length. The suhstantially parallel molecular units may com-

prisc at least two types of molecular unils of different !

lengths,

The chemical monelayer constraction may additionally
comprise a source of clectrical current supplied o the
substrate 50 as o be conducted by the plurality of subsian-
dally parallel molecular units,

An electronic junction of the present invention comprises
a first conductive component and a second conductive
component. The first conductive component comprises a
substrale having a conlact surface and a2 monolayer of a
plurality of substantially parallel molecular units having first
and second ends, and attached through their first ends to the
contact surface through a conjugated bond, and wherein the
substantially parallel molecilar units comprise a chemical
structure that is capable of being changed from a relatively
nor-conductive state to 2 relatively conductive state by the
application of a stimulus, The second conductive compaonent
is in electrical contact with the second ends of the substan-
tally parallel molecular wnits.

Itis preferred that the chemical structure comprise at least
one aromatic group when in the relatively non-conductive
state and that the chemical struciure 15 adapted to change to
a quinoid moiety s0 as to attain the relatively conductive
state, It is preferred that the chemical structure is selecled
from the groups consisting of substituted and unsubstitated
phenyl, benzyl, and phenolic groups, It is further preferred
that the chemical structure is selecied from the groups
consisting of biphenyl groups, nitrated bipheny] groups and
azobenzy] groups.

It is preferred that the first conductive component com-
prises electrically conductive carbon. It is further preferred
that at least one of the firsl and second conductive compo-
nents is translucent. It is additionally preferred that the
sccond conductive component is chemically bound to the
second ends of the substantially parallel molecular unils,

It is preferred that the substantially parallel molecular
units are chermically bonded to the contact surface of the
substrate by a chemical bond having the formula: R—X,
where R is a metal, silicon or carbon atom of the substrate
and X is an oxygen or carbon atom of the substantially
parallel molecular wnit. :

It is preferred that the subsiantially parallel molecular
units are of substantially the same lengths, 1L is preferred that
at least some of the molecular units comprise a moicty
capable of binding at least one chemical species s0 as 1o aller
the clectronic character of at least some of the molecular
umits, It is further preferred that at least some of the
molecular units comprise & meicly capable of binding a
chemical entity selected from the group consisting of metal
ions, organic molecules (such a5 neurotransmitters,
pharmaceuticals, eic.), and biological materials (such as
proteins, DNA fragments, etc.), so as to alter the clectronic
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character of at least some of the molecular units. It is also
preferred that at least some of the molecular units are
sensitive 1o incident electromagnetic radiation which may
aler the elecironic character of at least some of the molecu-
lar unils. It is additionally preferred that at least some of the
molecular units form a molecular orbital such that the
passage of current through at least some of the molecular
units causes the emission of clectromagnetic radiation from
at least some of the molecular units. The electromagnetic
radiation ermilled may comprise visible lght andfor infrared
light. The electromagnetic radiation may be amplified as
TIECESSary.

Additionally, it is preferred that at least some of the
miolecular units are sensilive to the passage of current such
that the passage of current through at least some of the
molecular units causes a change in the reflectivity or trans-
missibility of the monolayer. That is (o say, a change in
reflectivily or transmissibility may result from switching in
the monolayer. 11 is also preferred that at least some of the
molecular unils are scnsitive to the incidence of electromag-
netic radiation such that the incidence of electromagnetic
radiation on at least some of the molecular units causes a
change in the reflectivity or transmissibility of the mono-
layer. It is further preferred that at least some of the
maolecular units form an arrangement of molecular orbitals
such that the electronic junciion is capable of functioning as
a semiconductor,

A zecond electronic junction of the present invention
comprises: a first conduclive component having a first
contact surface; a monolayer of a first plurality of substan-
tally paralle]l first molecular units having first and second
ends, wherein cach of the parallel first molecular units is of
substantially the same length and is attached through its first
end to the first contact surface through a conjugated bond; &
second conductive component having first and second sides,
wherein the first side is in electrical contact with the second
ends of the parallel first molecular units and the second side
having a second contact surface; a monolayer of a second
plurality of substantially parallel sccond molecular units
having frst and second ends, each of the parallel sccond
mialecular units attached through their first end 1o the second
contact surface through a conjugated bond, and & third
conductive companent having first and sccond sides, the first
side being in electrical contact with the second ends of the
parallel second molecular units; and wherein al least one of
said first and sccond plurality of substantially parallel
molecular units comprise a chemical structure that is capable
of being changed from a relatively non-conductive state to
a relatively conductive state by the application of a stimulus,

It is preferred that the frst side of the second conductive
component is covalently bound Lo the second ends of the
paralle] first molecular units. It is also preferred that the first
side of the third conductive component is covalently bound
e the second ends of the parallel second molecular units,

A memory device of the present invention comprises: a
rigid support; a substrate disposed on the rigid support and
having a contact surface; a monolayer of a plurality of
substantially parallel molecular units having first and second
ends, and attached through their first ends o the contact
surface through a conjugaied bond, and the second ends
defining a scan surface, the molecular units adapted to be
changed between a first memory state and a second memory
state; and a rcad-write device adapted 1o move along the
scan surface and adapted to stimulate a change of the
malecular units between the first and second memory states,
and 1o determine the memory state status of regions on the
scan surface. Thus, the scan surface stores information by
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conductance switching in the molecular units, The guinoid
structure provides the mechanism for storage,

The present invention further comprises & method of
producing a chemical monolayer construction comprising
the steps oft providing a substrate having a contact surface;
and reacting chemical precursor bearing molecular units
with the subsiraie so as to form a monolayer of a plurality
of substantially paralle]l molecular units atached 1o the
contact surface of said substrate, wherein the molecular units
are attached to the substrate so as to be strongly coupled
electronically to the substrate and wherein the molecular
units have an average length, the contact surface of the
substrate having a roughness value substanially less than or
equal (o said average length of the molecular units, and
wherein the substantially parallel molecular units comprisc
a chemical structure thal is capable of being changed from
a relatively non-condoctive state to a relatively conductive
state by the application of a stimulus.

It is preferred that the molecular units become attached 1o
the substrate through a conjugated bond. Further, 1 is
preferred that the substrate comprises conductive carbon,

A second method of producing an electronic junction
comprises the steps of: providing a first conductive
component, the first conductive component comprising a
substrate having a comact surface and a monolayer of a
plurality of substantially parallel molecular units having first
and second ends, and attached through their first ends to the
contact surface through 2 conjugated bond, and wherein the
substantially parallel molecular units comprisc a chemical
structure that is capable of being changed from a relatdvely
non-conductive state o a relatively conductive state by the
application of a stimulus; and placing a second conductive
component in elecinical contact with the second ends of the
substantially parallel molecular units,

In a prefermed method of the present invention, the sccond
conductive component is chemically bound w the second
ends of the substantially parallel molecular units. It is also
preferred that the sccond conductive component is
covalently bound o the second ends of the substantially
parallel molecular units,

An electronic junction of the present invention compriscs:
a first conductive component, the first conductive compo-
nent comprising a substrate having a contact surface and a
monolayer of a plurality of substantally parallel molecular
units having frst and second cnds, and attached through
their first ends wo the comact surface through a conjugated
bond; and a second conductive component in electrical
contact with the second ends of the substantially parallel
molecular units, the second conductive component compris-
ing a metal.

In a preferred electronic junction of the present invention,
the first conductive component comprises clectrically con-
ductive carbon. It is also preferred that the second conduc-
tive component comprise a metal selected from the group
consisting of mercury, silver, and copper. The metal com-
prised by the second conductive component may be depos-
ited on the monolayer of substantially parallel molecular
units by any available, suitable method including, but not
limited to; chemical vapor deposition, thermal vapor
deposition, spultering, electrochemical deposition, and solu-
tion chemical reactions. It is further preferred that the second
conductive component is chemically bound to the second
ends of the substantially parzllel molecular units. It is
additionally preferred that at least one of the first and second
conductive components is translucent.

Also in a preferred electronic junction of the present
invention, the substantially parallel molecular units are of
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substantially the same lengths, [t is further prefecred that at
least some of the molecular unils comprise & moiety capable
of binding al least one chemical species so as 1o aller the
clectronic character of at lezst some of the molecular units,
It is preferred that at least some of the molecular units
comprise & molety capable of hinding to a chemical entity
selected from the group consisting of metal ions, organic
molecules (such as neurolransmitiers, pharmaceuticals,
cle), and biological matedals (such as proteins, DNA
fragments, ele.), 50 a5 to alter the electronic character of at
least some of the molecular units, Tt is preferred that at least
some of the molecular units are sensitive to incident elec-
tromagnetic radiztion which may alter the electronic char-
acter of at least some of the molecular wnits, Further, it is
prsferred that at least some of the molecular units form a
molecular orbital such thal the passage of cument through at
least some of the molecular units causes the emission of
electromagnetic radiation from at least some of the molecu-
lar units. The electromagnetic radiation emitted may com-
prise visible light andfor infrared light. The clectromagnetic
radiation may be amplified as necessary,

Additionally, it is preferred that at least some of the
molecular units are scnsitive o the passage of curment such
that the passage of current through at least some of the
molecular units causes a change in the reflectivity or trans-
missibility of the monolayer. Again, changes in reflectivity
or transmissibility may result from switching in the mono-
layer. Further, it is preferred that at least some of the
molecular units are sensitive w the incidence of eleciromag-
netic radiation such that the incidence of electromagnetic
radiation on at least some of the molecular units causes a
change in the reflectivity or transmissibility of the mono-
layer. Further still, it is preferred that ac least some of the
molecular wnits form an arrangement of molecular orbitals
such that the clectronic junction is capable of functioning as
a semi-conductor,

The present invention also provides a method of produc-
ing an electronic junction comprising the steps of: providing
a first conductive component, he first conductive compo-
nent comprising (1) a substrate having a contact surface and
(2} & monolayer of a plurality of substantially parallel
molecular units having first and sccond ends, and attached
through their first ends o the contact surface through a
conjugated bond; and placing a second conductive compo-
nent in electrical contact with the second ends of the
substantially paralle]l molecular units, the second conductive
component selected from the group consisting of mercury,
silver and copper,

In a preferred method of the present invention, the second
conductive component 15 chemically bound to the sccond
ends of the substantially parallel molecular units. It is
preferred that the second conductive component is
covalently bound 1o the second cnds of the substantially
parallel molecular units, It is further prefermed that the metal
comprised by the second conductive component is deposited
upon the monolayer of substantially parallel molecular units
by one of the following methods: chemical vapor deposition,
thermal vapor deposition, sputtering, elecirochemical
deposition, and solution chemical reactions.

In yet another electronic junction of the present invention,
the electronic junction comprises: a first condoctive
component, the first conductive component comprising (1) a
substrate having a contact surface, the substrate comprising
a material selected from the group consisting of metals and
semi-conductive metals (such as silicon) and (2) a mono-
layer of a plurality of substantially paralle] molecular unils
having first and second ends, and attached through their first
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cnds w the contact surface through a conjugated bond; and
a sccond conductive component in electrical contact with the
second ends of the substantially parallel molecular units, the
second conductive componenl comprising a metal.

In a preferred clecironic junction of the present invention,
it is preferred that the subsirate comprises a metal. It is more
prefemed that the metal is selected from group consisting of
mercury, silver, and copper. Alternatively, the substrate may
be constructed from a semi-conductive material such as
mdium-doped tin oxide or silicon.

It is preferred that at least one of the first and sccond
conductive components is tanslucent. It is additionally
preferred that the second conductive component is chemi-
cally bound 1o the sccond ends of the substantially parallel
molecular units.

It is also preferred thal the substantially parallel molecular
umits are of substantially the same lengths. It is prefemed thag
at least some of the molecular units comprise a modety
capahle of binding at leact one chemical species soas o alter
the electronic character of at least some of the molecular
umits. It is also preferred that at least some of the molecular
mtihmm‘i!elmuiﬂymlﬂ:nfhindm;nchmﬁulmﬂy
selecied from the group consisting of metal ions, organic
molecules (such as neuwrotransmiticrs, pharmaccuticals,
cic.), and biological materials (such as proteins, DNA
fragments, etc.), s0 as o alter the electronic character of at
least some of the molecular units. It is further preferred that
at least some of the molecular units are sensitive o incident
electromagnetic radiation which may alier the clectronic
character of at least some of the molecular units. The
clectromagnetic radiation emitted may comprise visible
light andfor infrared light. The electromagnetic radiation
may be amplified as necessary.

Additionally, it is preferred that at least some of the
molecular units arc sensitive to the passage of cormrent such
that the passage of currem: through at least some of the
molecular units causes a change in the reflectivity or rans-
missibility of the monolayer. That is 1 say, changes in
refiectivily of transmissibality may result from switching
Further, it is preferred that at least some of the molecular
units are sensitive 1o Lhe incidence of electromagnetic radia-
tion such that the incidence of clectromagnetic radiation on
at least some of the molecular units causes a change in the
reflectivity or transmissibility of the monolayer. Further sull,
it is preferred that at least some of the molecular units form
an arrangement of molecular orbitals such that the electronic
junction is capable of functioning as a semi-conductor,

The present invention [urther provides a method of pro-
ducing an electronic junction comprising the steps of: pro-
viding a firsl conductive component. the first conductive
component comprising (1) a substrale having a comtact
surface, the subsirale comprising a malerial selected from
the group consisting of metals and semi-conductive mate-
rials and (2) a monolayer of a plurality of substantially
parallel molecular units having first and second ends, and
anached through their first cnds to the comtact surface
through a chemical bond having the formula: R—X,
wherein R is a metal, silicon, or carbon atom of the substraie
and X is an oxygen or a carbon aiom of the subsiamizlly
paralle] molecular unils; and placing a second conductive
componenl in electrical contact with the second cnds of the
substantially parallel molecular units.

In a preferred method of producing an electronic junction
of the present invention, the substrate comprises a metal
selected from the group consisting of mercury, silver, and
copper. Alernatively, it is preferred that the substrate com-
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prises a scmi-conductive material comprising indium-doped
tin oxide or silicon

BRIEF DESCRIFTION OF THE DRAWINGS

FIG. 1 shows a molecular junction of the presem
invention, for the case of a nitrobiphenyl monolayer.

FIG. 2 is a current/vollage graph showing the conduc-
tance switching for a bipheny] junction

FIG. 3 is & current/vollage graph showing the conduc-
tance swilching for a biphenyl junction,

FIG. 4 is a current voltage graph showing the conductance
swilching for a nitrobipheny] molecular junction,

FIG. 5 is a current voltage graph showing the conductance
switching for a nitrobipheny] molecular junction.

FIG. 6 illustrates the mechanism commen (o all switching
molccules, llustrating the case of nitrobiphenyl. Structure
{a) shows the injection of an electron inzo the nitrobiphenyl.
Structure (b) is the “guinoid™ form, which is one resonance
form of scveral possiblc for the conductive state.

FIG. 7 shows the structural change thal may accompany
conductance swilching in nitroazobenzene.

FIG. 8 shows the struciural change thal may accompany
conductance switching in terphenyl.

FIG. 9 shows the structural change that may accompany
conductance swilching in anthracenc.

F1G. 10 shows the structural change thal may accompany
conductance switching in dimethylaminobenzene,

FIG., 11 is an illustration of the bond lengths for
nitrobiphenyl, where ©=38° (© is the dihedral angle
between phenyl rings). In all cases where conductance
switching is observed, it is possible that the more conductiveé
stale is a radical anion or a quinoid specics, or other possible
resonance forms.

FIG. 12 is zn illustration of the bond lengths for the
nitrobiphenyl anjon, where 8=21°. The anion is a possible
aliemative simcture 1o the methide species shown in FIG.
13. The bond lengths in the anion reflect that it has some
quinoid character.

FIG. 13 is an illustration of the bond lengths for nitrobi-
phenyl methide, where 8=1.1°,

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT(S)

In accordance with the forgoing summary, the following
presents a detailed description of the preferred embodiment
of the invention that is currently considered o be the best
mode,

Our approach is much simpler than the alternatives.
Specifically, 2 molecule in our junctions is induced to
“switch™ by molecular rearrangement in response o a high
electric ficld. Molecules such as nitroazobenzene,
nitrobiphenyl, terphenyl, and diethylaminophenyl are aro-
matic when bonded to a carbon (andfor metal or silicon)
surface, and the rings are gencrally twisted with respect 1o
cach other and the carbon substrate. In a high static electric
ficld, these molecules rearrange 10 a quinoid structure, in a
process analogous 10 a redox reaction, but without counte-
rions or solvent. The quinoid structure is more conjugated
than the original molecule, as judged by changes in bond
length and increased polarizability. Stronger electronic cou-
pling or orbitals across the quinoid structure presumahbly
leads 1o higher conductivity, Also accompanying formation
of the quinoid species is a decrease in the hand gap, which
should increase conductivity, Analogous behavior is
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abserved in polyacetylene and related conducting polymers,
in which an injected electron causes changes in bond length
that decreases the band gap and increases conductivity,

Shown schematically in FIG. 1, the carbon-based molecu-
lar junction 10 consists of a covalently bonded monolayer 12
on a very flat (root-mean-sguare roughness <3 .3;] graphitic
carbon substrate 11 made by pyrolysis of 2 photoresist flm
{PPF). The second conductive component 13 s in electrical
communication with the end of the monolayer 12 apposite
the substrate 11. A source of potential 14 is in electrical
communication with the substrate 11 and the second con-
ductive compenent 13, The monelayer 12 is covalently
bonded 1o the substrate by a carbon-carbon, metal-carbon,
silicon-carbon, silicon-oxygen-carbon or metal-oxygen-
carbon bond. Further, while it is preferred that the second
conductive component 13 be a metal (such as mercury,
copper, or silver) the second conductive component need not
be a solid, Instead of a solid second conductive component,
the second conductive compongent may be a solution (such as
would be used in electrochemisiry), If the molecular junc-
tion is in electrical communication with a solution instead of
a second conductive component, the monolayer becomes 2
conductor and electron transfer from the substrate to the
solution may occur o bring about oxidaton or reduction of
a species in solution

In addition to nitrobiphenyl, many other molecules may
be used o form the monolayer such as: para-terphenyl,
4'-nitrobipheny!, bhiphenyl, 4-nitrophenyl,
dicthylaminophenyl, 4-nitroazobenzens, d-azobenzenc,
2-agnthraguinone, 2-anthracene, 2-chrysene, 4-stilbene, and
4-(phenylmethylene)phenyl, though this list is far from
exbaustive. In fact any suilable molecule may be cmployed
in the formation of the monolayer.

FIG. 2 s a current-vollage response graph for biphenyl.
Initially 21, there was no polential on the biphenyl, however,
the resistance of the hiphenyl was high as the polential was
swept towards approximately —E23 mV, AL approximately
—-825 mV 22, a dramatic decrease in the resistance of the
bipheny] occurred a3 indicated by the increase in current 23.
The biphenyl iz said 1o have swilched “on”. This low
resistance state persisted until the potential was swepl
towards approximately +050 mV 24, At appeoximately +650
mV, the resistance of the biphenyl increased, as indicated by
the reduction in the current 25, The biphenyl had returned to
its high resistance state. The bipheny! can be swilched back
to its low resistance state by switching it on again with a
negative potential scan,

FIG. 3 is a second current-voltage response curve for
biphenyl. Again we note the dramatic increase in current 32,
33 accompanying the decrease in resistance as the potential
is swepl W the negative 31, 32, As expected, the resistance
increases 34, 31, as shown by the reduction in current, as the
potential is swept o the positive 33, M.

FIG. 4 is a current-voltage response curve for a nitrobi-
phenyl molecular junction. The nitrobiphenyl junction com-
prised a pyrolyzed photoresist film as the substrate and
mercury as the second conductive component. [nitially 41,
no voliage is applied (o the junction. As the potential is
scanned to approximately —1 V' 42, a dramatic decrease in
film resistance occurs, as indicated by the increase in current
43. This change is referred to as switching the junction "on”.
This low resistance state persists until the potential is swept
positive [0 approximately +750 mV 44, where the junction
swilches “off”, as indicated by the reduction of current flow
45, That is to say, the molecular junction has a high
resistance in the region between 45 and 42 and a low
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resistance between 43 and 44 Thus, the nitrobiphenyl layer
is acting as a bistable switch, which switches on for Ve<-—
1000 mY and off for Va-—+750 mV, This switching behavior
may he repeated many times, but may be “froeen ou” at low
temperature (T<—3507 C.), A proposed mechanism respon-
sible Tor this change in resistance is shown in FIG. 6.

FIG. 5 shows 2 second nitrobipheny] molecular junction.
Again, we note the high initial resistance of the nitrobiphe-
nyl layer from 51 o 52, As the potential approaches spproxi-
mately ~H mV, a sudden increase in curment low occurs 53
25 the junction switches “on™, Correspondingly, the resis-
tance is dramatically lowered. The junction stays in this low
resistance state until the potential is swept towards approxi-
malely 800 mY 54, where the junction switches off 55. The
resistance then relurns 1o 2 high state until the potential is
again cycled,

FIG. 6 illustrates the switching of a nitrobiphenyl meol-
ecule in 4 molecular junction of the present invention. As an
electron is added to the nitrobiphenyl structure, & rearrange-
ment occurs in the molecule causing the nitrobiphenyl o
assume what we shall refer to as the “gquinoid” Torm. The
quinoid form includes several resonance forms in addition o
that shown, It is important w note that the guinoid form is
planar, and that the anion is delocalized over the cnlire
structure. In fact, strong electronic coupling belween the
quinoid structure and the graphitic P1 system may ceself in
a large, delocalized electronic system that combines contri-
butions mom both the monolayer molecule and the carbon
substrate, The ring rotation and bond length changes from
the phenyl to guinoid forms result in activation barmers that
are presumably the origin of the temperature dependence.
The electron transfer is cxpected to be governed by Marcus
theory, with the activalion barmier representing the reorga-
nization energy associated with ring rodation and nuelear
rearrangement. FIG. 7 shows a possible mechanism for
conductance swilching in nitreazobenzene. FIG. 8 shows a
possible mechanism for conductance switching in terphenyl.
FIG. 9 shows a possible mechanism for conductance switch-
ing in anthracene. FICGG. 10 shows a possible mechanism for
conductance switching in dimethylaminohenzene monolay-
ers. The invention is not limited to these structures, but they
show that a structural change 10 produce a quinoid state of
presumably higher conductivity is possible for a varety of
structures,

It is useful to consider the structural changes associaled
with clectron transfer from PPF to a monolayer molecule in
more detail, Rather than attempt to analyze graphite frag-
ments theoretically, model structures based upon nitrobiphe-
nyl and its quinoid form were used. 4-Nitrobiphenyl
4'-methide was used to force the nitrobiphenyl into quinoid
form. Bond lengths and charges distributions were calcu-
lated with Gaussian 98 using density functional theory
(BILY P31 G(d) level) for nitrobiphenyl anion, and nitro-
hiphenyl methide. The calculated stroctures and selected
hond lengths are shown in FIGS. 11-13, The methide is
planar, as opposed o a 387 dihedral angle in nitrobiphenyl.
The bridging C—C hond shortens by 0,03 A in the anion and
(1.058 A in the quincid form. These ohservations support the
changes in conjugation shown in FIGS. 6-13, with the
nitrophenyl/PPF bond taking on double bond character and
the two rings in nitrobiphenyl becoming coplanar with the
graphite plane of the PPE.

FIG, 11 dllustrates the chemical structure of nitrobiphenyl
and its associated bond lengths, FIG. 12 illustrates the
chemical structure of the nitrobipheny] anion and its asso-
ciated bond lengths, FIG. 13 illustrates the chemical struc-
ture of nitrobipheny]l methide and its associated bond
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lengths. Both the anion and the methide have significantly
differemt bond lengths from the parent nitrobiphenyl
molecule, and these changes arc associated with the con-
ductance increase. It should be noled that the anion and
methide are guite similar, and may be dilferent resonance
forms of a single molecular entity.

The present invention may be used in the following
industrial and commercial applications:

The existing microclectronics industry is based on scmi-
conductors such as silicon and metal oxides, fabricaled into
a variety of junctions belween semiconductors o make
P—N junctions, diodes, transistors, cte. The monolayer
junction disclosed herein may have guile different and maore
versalile propertics than conventional semi-conductor junc-
tions, Since the molecular orbitals of the monolayers can be
varied by allerglions in chemical structure, a wide varety of
transfer functions are possible. PPF may be fabricated in
complex patterns via photelithography, so it may be possible
i combine monolayer junctions with conventional semi-
conducior microcircuits. Possible new micro-devices based
an monolayer junctions include capacitors, multistate stor-
age elements, and optically, sensitive swilches,

Further the monolayer may be made photosensitive, by
choosing a molecule with a HOMO/LUMO gap correspond-

ing to the desired photon energy. A thin metallic layer would =

be: partially transparent, and photon arrival at the monolayer
would trigger a conductivity increase, similar to a photo-
dinde. Since the HOMO/LUMO gap is variable, the device
could be wavelength specific. An array of such junctions

could serve as an image colleclor, with color resolution -

possible, In addition, photodetectors might be combined
with fiber oplic and photonic circuits to yield a fast optical!
clectrical rransducer.

The molecular orhitals of the monolayer may be sensitive
lo the chemical environment. For example, a bipyridyl
spacer inleracts with metal ions, and might yield a change in
conductivity, A patlem of junctions would be reguired, since
access o the monolayer is at its edge. Analysis of gascs,
liquids and solutions is amenable to this approach, with
possible applications in clinical analysis, environmental
monitoring, and process analytical chemistry,

By analogy o light emitting diedes, a potential across the
proposed monalayer junction should inject electrons into a
high-cnergy orbital of the monolayer. The clectron may then
make a transition to a lower energy orbital, emitting light,
Arrays of such devices could be used in fat-panel displays
or surface emitling diode arrays, with color controlled by the
energy levels of the monolayer. Extension of light emission
to amplification and lasing is conceivable,

For a thin metallic overcoal, the optical properties of the
metal surface may depend on both the identities of the
mondlayer and the zpplied potential. The rellectivity vs.
wavelength curve of the metal may be voliage dependent,
and possibly modulatable on a rapid time scale. Color video
projection and panel displays using natural or artificial white
light are conceivable,

The prefermed embodiments herein disclosed are not
intended o be exhaustive or to unnecessarily lmit the scope
of the invention, The preferred cmbodiments were chosen
and described in order to explain the principles of the present
invention so that others skilled in the an may practice the
invention. Having shown and described preferred embodi-
ments of the present invention, it will be within the ability
of one of ordinary skill in the art to make allerations or
moddifications to the present invention, such as through the
substitfution of eguivalent materials or structural
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arrangements, or through the use of eguivalent process sleps,
80 85 to be able (o practice the present invention without
departing from its spirit as reflected in the appended claim,
the text and teaching of which are hereby incorporated by
reference herein. It is the intention, thercfore, to limit the
invention only as indicated by the scope of the claims and
equivalents thercof.
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What is claimed is:

1. A chemical monolayer construction, said construction

comprising:

a substrate having a comact surface; and

a monolayer of a plurality of subsianiially parallel
molecular units attzched to said comaet surface of said
sibstrate, wherein said molecular units are atlached 1o
said substrate so as to be strongly coupled electroni-
cally o said subsirate and wherein said molecular units
have an average length, said contact surface of said
substrate has a roughness value that is substantially less
than or equal to said average length of said malecuelar
units, and wherein said substantially parallel molecular
units comprise a chemical structure that is capable of
being changed from a relatively non-conductive state to
a rclatively conductive state by the application of a
slimulus.

2. A chemical monolzyer construction according to claim

1 wherein said chemical struciure compriscs al least one

aromatic group when in said relatively non-conductive state,

said chemical structure adapted to be changed to 2 guinoid
moiety 5o as W altain said a relatively conductive state.
3 A chemical monolayer construction according to claim

2 wherein sald chemical structure is selected from the

groups consisting of substituted and unsubstituted phenyl,

benzyl and phenolic groups.
4. A chemical monelayer construction according to claim

2 wherein said chemical structure compriscs & scquence of

phenylene oligomers.

5. A chemical monelayer construction zecording to claim

3 wherein said chemical structure is selected from the group

consisting of fluorene, hiphenyl groups, nitrated hiphenyl

groups and azobenzy] groups.
6. A chemical monolayer construction according to ¢laim

1 wherein said substantially parallel molecular units are

chemically bonded (o said contact surface of said substrace

by a chemical bond having the formula:

R—X

wherein R is & metal, silicon, or 2 carbon atom of said
substrate and X is an oxygen or carbon atom of said
substantially parallel molecular unit.

T. A chemical monalayer construction according to claim
1 wherein said substantially paralle] molecular units are of
substantially the same lengths.

8. A chemical monolayer construciion according w0 claim
1 wherein szid substantially paralle]l molecular urits com-
prise al least two types of molecular units that are of
different lengths.

9. A chemical monolayer consiruclion according to claim
1 wherein said substrate comprises elecirically conductive
carbon.

10. A chemical monolayer construction according 1o
claim 1 whercin said substrate consists essentially of carbon

20

L]

35

45

At

55

18

selected from the group consisting of: clecirically condue-
tive carbon and pyrolyzed conductive carbon.

11. A chemical monolayer construction according 1o ¢laim
1 additionally comprising a source of electrical current
supplicd to said substrate so as w be conducled by said
plurality of substantially parallel molecular units.

12. A chemical monolayer construction according to
claim 1 wherein said roughness value is less than 200
Angsiroms,

13, A chemical monelayer construction according (o
claim 1 wherein said roughness value is less than 20
Angsiroms,

14. A chemical monolayer construction according to
claim 1 wherein said roughness value is less than 5 Ang-
SLTOms.

15, A chemical monolayer construction according (o
claim 1 wherein said stimulus is selected from the group
consisting of light, elecirical stimuli, and chemical stirmuli.

16. A chemical monolayer construction, said construction
comprising:

a substrate having a contact surface; and

a monolayer of a plurality of substantially parallel

molecular units attached to said contact surfzee of said
substrate, wherein said molecular unils are altached to
said substrate through a conjugated bond, and wherein
said substantially parallel molecolar units comprise a
chemical structure that is capable of being changed
tfrom a relatively non-conductive state to a relatively
conductive state by the application of a simulus.

17. A chemical monolayer construction according to
claim 16 wherein said chemical structure comprises an least
one aromatic group when in said relatively non-conductive
state, said chemical structure adapled to be changed to a
quinoid moiety so as to attain said a relatively conductive
state.

18. A chemical monolayer construction according to
claim 17 wherein said chemical structure is selected from
the groups consisting of substitwted and unsubstitued
phenyl, benezyl and phenolic groups,

19. A chemical monolayer construction according Lo
claim 17 wherein said chemical structure is a sequence of
phenylene oligomers.

20, A chemical monolayer construction according to
claim 17 wherein said chemical structure is selected from
the group consisting of fluorene, biphenyl groups, nitrated
biphenyl groups and azobenzyl groups.

21. A chemical monolayer construction according to
claim 16 wherein said substantially parallel molecular units
are chemically bonded to said contact surface of said sub-
strate by a chemical bond having the formula:

R—X

wherein R is a metal, silicon or carbon atom of said substrate
and X is an oxypen or carbon atom of said substantially
parallel molecular unit,

22, A chemical monolayer construction according 1o
claim 16 wherein said substrale comprises conductive car-
ben.

23. A chemical monolayer construction according 1o
claim 16 wherein said substrate consists essentially of
carbon selected from the group consisting of!

conductive carbon and pyrolyzed conductive carbon.

24. A chemical monolayer construction according to
claim 16 wherein said molecular units have an average
length, said contact surface of said substrate has a roughness
value that is substantially Jess than or equal to said average
length of said molecular units,
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25. A chemical monolayer construction according to
claim 16 wherein said substantially paraliel molecular units
that are of subsiantially the same length.

26. A chemical monolayer construction accornding to
claim 16 wherein said substantially parallel molecular units
comprise at least two types of molecular units of different
lengths.

27. A chemical monolayer construction according 1o
claim 16 wherein said contact surface has a roughness value
is less than 200 Angstroms.

28, A chemical monelayer construction according to
claim 16 wherein said contact surface has a roughness value
is less than 20 Angstroms,

29. A chemical monolayer construction according to
claim 16 wherein said contact surface has a roughness value
is less than 5 Angstroms.

30. A chemical monolayer construction according to
claim 16 addi:onally comprising a source of clectrical
current supplied 10 said substrale so as to be conducted by
szid plurality of substantially paralle] molecular wols,

31. A chemical monolayer construction according 1o
claam 16 wherein said stimulus s selected from the group
consisting of light, clectrical stimuli, and chernical stimuli.

32. An electronic junction comprising:

a first conductive component, said first conductive com-

ponent comprising:

a substrate having a contact surface; and

a monolayer of a plurality of substantially parallel
molecular units having first and second ends, and
attached through their first ends to said contact
surface through a conjugated bond, and wherein said
substantially parallel molecular unils comprise a
chemical structure that is capable of being changed
from a relatively non-conductive siate to a relatively
conductive state by the application of a stimuhes; and

a second conductive component in electrical contact with

said second ends of sad substantially paralle]l molecu-
lar umits.

33. An clectronic junction according 1o claim 32 wherein
said chemical structure comprises al Jeast onc aromatic
group when in said relatively non-conductive stale, said
chemical structure adapled 10 be changed w 2 quinoid
moiely 50 as 10 allain said a relatively condoctive state,

34. An electronic junction according 10 claim 33 wherein
said chemical structure is sclected from the groups consist-
ing of substituted and unsubstituted phenyl, benezyl and
phenolic groups,

35. An electronic junction according to claim 33 wherein
said chemical structure is selected from the group consisting
of fluorene, biphenyl groups, nitrated hiphenyl groups and
azobenzyl groups.

36. An electronic junclion zccording to claim 33 wherein
said substantially parallel molecular units are chermcally
bonded to said contact surface of saad substrate by a chemm-
cal band having the formula:

R—X

wherein R is a metal, silicon or carbon atom of said substraie
and X is an oxygen or carbon atom of said substantially
parallel molecular unit.

37. An electronic junction according 0 claim 32 wherein
said first conductive component comprises electrically con-
ductive carbon.

38. An electronic junction according to claim 32 wherein
said substantially parallel molecular units are of subsian-
tially the same lengths.
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39. An electronic junction according to claim 32 wherein
sccond conductive component is chemically bound 1o said
second ends of sad substantially paraliel molecular units.

40. An clectromic junction acconding 1o claim 32 wherein
a1 least some of said molecular units comprise a2 moiely
capable of binding at leasi onc chemical species so as 10 alter
the clectronic character of said a1 least some of said molecu-
lar units,

41. An elecironic junction aceording 10 claim 32 wherein
al least some of said molecular units comprise a moiely
capable of binding a chemical enlity selected from the group
consisting of metal ions, organic molecules, and biological
materials, s0 as to alter the electronic character of said at
least some of said molecular units.

42. An clectronic junction according 1o claim 32 wherein
at least some of said molecular unils arc scnsitive to incident
el ic radiation which may alter the clectronic
characier of said at least some of said molecular units,

43. An elecironic junction according tw claim 42 whercin
at east one of saad frst and second coaductive componcnts
is translucent.

44. An clectronic junction acconding to claim 32 wherein
at least some of said molecular units form a molecular
orbilal such that the passage of current through at least some
of said molecular units causes the cmission of electromag-
netic radiation from said at least some of said molecular
units,

45. An electronic junction according to claim 32 wherein
said electromagnetic radiation is visible light.

46. An electronic junction according to claim 32 wherein
said clectromagnetic radiation is infrared light.

47. An clectronic junction according to claim 32 wherein
said electromagnetic radiation is amplified.

48. An electronic junction according o claim 32 wherein
al least one of said first and second conductive components
is translucent.

49. An clectronic junction acconding to claim 32 wherein
ol least some of sad molecular umits are sensitive o the
passage of current such that the passage of current through
&l icast some of s2id molecular units causes a change in the
reflectivity or transmissibility of said monolayer.

50. An clectromic junction according to claim 32 wherein
at least some of said molecular units are sensitive o the
incidence of electromagnctic radiation such thal the inci-
dence of clectromagnetic radiation on at least some of said
molecular units causes a change in the reflectivity or trans-
missibilily of said monolayer,

51. An electronic junction according 1o claim 32 wherein
al least some of said molecular units form an arrangement of
molecular orbitals such that sald electronic junction is
capable of functioning as a semiconductor.

52. An clectronic junction comprising:

(a) a frst conductive component, said first conductive

componenl comprising a first contact surface;

(b) a monolayer of a first plurality of substantially parallel
first molecular units having first and second ends, cach
of said paralle] first molecular units of substantially the
same length and attached through its first end 10 said
first contact surface through a conjugated boad;

{c) a sccond conductive component having first and
second sides, said first side in clecirical contact with
said second cnds of said parallel first molecular units,
and said second side having a second contact surface;

(d) a monolayer of a second plurality of substantially
parallel second molecular urits having first and second
ends, each of said paralle] second molecular units
attached through their first end 1o said second contact
surface through a conjugated bond; and
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() a third conductive component having first and second
sides, said first side in electrical contact with said
second ends of said parallel second molecular units;
and
wherein at least one of said first and second plurality of

substantially parallel molecular units comprise &
chemical structure that is capahle of heing changed
from a relatively non-conductive state o a relatively
conductive state by the application of a stimulus.

53. An electronic junction according to claim 52 wherein
said first side of said second conductive component is
covalently bound to said second ends of said parallel first
maolecular units.

54. An electronic junction according to claim 52 wherein
said first side of said third conductive component is
covalently bound (o said second ends of said parallel second
molecular units,

55, A memory device, said memory device compnsing:

a rigid support;

a substrate disposed on said rigid suppoct and having a
contact surface;

a menolayer of 2 plorality of substantially parallel
molecular units baving first and sccond ends, and
attached through their first ends to said comact surface
through a conjugated bond, and said second ends
defining & scan surface, said molecular units adapted to
be changed between a first memory state and a second
memory state; and

a read-wrile device adapled 1o move along said scan
surface and adapted to stimulate a change of said
molecular units between said first and second memory
states, and to determine the memory state status of
regions on said scan surface.

S56. A method of producing a chemical monolayer

construction, said method comprising:

(@) providing a substrate having a contact surface; and

(b) reacting chemical precursor bearing molecular units
with said subsirale so as o [orm & monolayer of a
plurality of substantially parallel molecelar unils
attached to said contact surface of said substrate,
wherein said molecular units are attached to said sub-
sirate 50 as 10 be strongly coupled clectronically to said
substrate and wherein sald molecular units have an
average length, said contact surface of said substrate
has 2 roughness value substantially less than or equal to
said average length of said molecular units, and
wherein said substantially paralle]l molecular units
comprise & chemical structure that is capable of being
changed from a relatively non-conductive slale o a
relatively conductive state by the application of a
stimulus,

57. A method of producing a chemical monclayer con-
struction according to claim 36 wherein said molecular unils
become attached to said substrate through a conjugated
bond. :

58. A method of producing a chemical monolayer con-
struction according to claim 56 wherein said substrate
comprises conductive carbon,

59, A method of producing an clectronic junction, said
methed comprising:

(a) providing a first conductive component, said first

conductive component comprising:

(i) 2 substrate having a contact surface; and

(ii} a monolayer of plurality of substantially parallel
molecular units having fisst and second ends, and
attached through their first ends to said contact
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surface through 2 conjugated bond, and wherein said
substantizlly parallel molecular units comprise a
chemical structure that is capable of heing changed
from a relatively non-conductive state o a relatively
conductive state by the application of a stimulus; and
ib) placing a second conductive component in electrical
contact with said second ends of sald substanially
paralle] molecular units.

60, A method of producing an clectronic junction accord-
ing o claim 5% wherein said second conductive component
15 chemically bound to said second ends of said substantially
parallel molecular units,

61. A method of producing an electronic junction accord-
ing to claim 59 wherein said second conductive component
15 covalently bound to said second ends of said substantially
parallel molecular units.

62, An electronic junction comprising:

{2} a first conductive component, said frst conductive

COMPONEnt comprising:

(1) a substrate having a contact surface; and

(ii) a monolayer of plurality of substantially parallel
molecular units having first and second ends, and
attached through their first ends o said contact
surface through a conjugated bond, wherein said
substantially parallel molecular units comprise a
chemical structure capable of being changed [rom a
relatively non-conductive state to a relatively con-
ductive state by the application of & stimulus; and

{b) & second conductive companent in electrical conlact

with said second ends of said substantially parallel
molecular wnits, said second conductive component
comprising a metal,

63, An clectronic junction according to claim 62 wherein
said metal comprised by said second conductive component
is selected from the group consisting of mercury, silver, and
Copper.

64, An clectronic junction according to claim 62 wherein
said metal comprised by said second conductive component
is deposited upon said monolayer of substantially parallel
molecular units by a method selected from the group con-
sisting of chemical vapor deposition, thermal vapor
deposition, sputtering, electrochemical deposition and solu-
tion chemical reactions,

65. An electronic junclion according to claim 62 wherein
said first conductive component comprises electrically con-
ductive carbomn,

66, An clectronic junction according to claim 62 whercin
said substantally parallel molecular units are of subsian-
tially the saroe length,

67. An electronic junclion according o claim 62 wherein
second conductive compenent is chemically bound o said
secomd ends of said substantially parallel molecelar units.

68. An electronic junction according to claim 62 wherein
at least some of said molecular units comprise a moiety
capable of binding at least one chemnical species so as to alter
the electronic character of said at least some of szid molecu-
lar units.

69, An clectronic junction according to ¢laim 62 wherein
at least some of said molecular units comprise a molely
capable of binding a chemical entity selected from the group
consisting of metal ions, organic molecules, and biological
materials, s0 as to alter the electronic character of said at
least some of said molecular units,

70. An clectronic junction according to claim 62 whercin
at least some of said molecular units are sensitive wincident
eleciromagnetic radiation which may alter the elecironic
character of said al least some of said molecular units.
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71. An clectronic junction according to claim 70 wherein
at least onc of said first and sccond conductive components
is translucent

T2. An electronic junction according 10 claim 62 wherein
at Jeast some of said molecular units form a molecular
arbital such that the passage of current through at least some
of said molecular units causes the cmission of electromag-
netic radistion from said al least some of said molecular
units.

73. An electronic junction according to claim 72 wherein
said & radiation is visible light

74. An clectronic junction according to claim 72 whercin
said radiation is infrared light.

75. An cleciromic junction according 10 claim 72 wherein

76. An electronic junction acconding to claim 62 whercin

at Jeast one of sad first and second condoctive components
is translucent.

T7. An clectronic junction according to claim 62 wherein
at least some of said molecular units are sensitive 1o the
passage of current such that the passage of current through
al least some of said molecular units causes a change in the
reflectivity or transmissibility of said monolayer.

78. An electronic junction aceording 1o claim 62 wherein
at least some of said melecular units are sensitive o the
incidence of ¢lectromagnetic radiation such that the inci-
dence of electromagnetic radiation on at least some of said
molecular units causes a change in the reflectivity or trans-
missibility of said mooolayer.

79. An electronic junction according 1o claim 62 wheremn
al least some of said molecular units form an arangement of
molecular orbitals such thal said eleciromic junction is
capable of functioning as a semiconductor.

80. A method of producing an electronic junction, said
method comprising:

(a) providing a first conductive componenl, said first

conductive componen! comprising:

(i) a substrate having a conlact surface; and

(ii) & monolayer of plurality of substantially parallel
molecular units having first and second ends, and
attached through their first ends to said contact
surface through a conmjugated bond, wherein said
substantially paralle] molecular units comprise a
chemical structure capable of being changed from a
relatively non-conductive state 1o a relatively con-
ductive staie by the application of a stimulus; and

{b) placing 2 sccond conductive componcnt in electrical

contact with sand sccond ends of smd substantially
parallel molecular units, said second conductive com-
ponent comprising at least one metal.

81. A method of producing an clectronic junclion accord-
ing to claim B0 wherein sald metal comprised by said second
conductive component is deposited upon said monolayer of
substantially parallel molecular units by a method selected
from the group conmsisting of chemical vapor deposition,
thermal vapor deposition, spullering. electrochernical depo-
sition and solution chemical reactions.

82. A method of producing an clectromic junction accord-
ing to claim 80 wherein said second conductive component
is chemically bound to said second ends of said substantially
parallel molecular units.

83. A method of producing an clectronic junction accord-
ing 10 claim 80 wherein said sccond conductive component
is covalently bound 1o said second cnds of said substamially
parallel molecular units.

B4, An ¢lectronic junction comprising:

(a) a first conductive component, said first conductive

component comprising:
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(i) 2 subsirate having a contact suriace, said subsirate
comprising a material sclected from the group con-
sisting of metals and scmi-conductive materials; and
(ii) a monolayer of plurality of substantially parailel
molecular units having first and second ends, and
attached through their first ends to said contact
surface through a chemical bond having the formula:

R—X

wherein R is a metal, silicon, or carbon alom of said
substrate and X i3 an oxypen or carbon atom of said
substantially parallel molecular unit; and

(b) a second conductive component in electrical comtact

with said second ends of said substantially paralle]
molccular units, said sccond conductive component
comprising a2 metal.

85. An clectronic junction acconding 10 claim 84 wherein
said subsirale compriscs a2 metal selected from the group
consisting of mercury, silver, and copper,

86. An :Immmcjunl:uun according to claim 84 whercin
said substrate comprises a semiconductive material selected
from Lhe group consisting of indium-doped-tin-oxide and
silicon.

87. An electronic junction according to claim 84 wherein
saidl substantially parallel molecular units that are of sub-
stantially the same length.

88. An clectronic junction according to claim 84 whercin
second conductive component is chemically bound o saud
second ends of said substantially paralle]l molecular omirs.

89. An glectronic junction acconding 1o claim 84 wherein
at least some of said molecular units comprise a moicty
capable of binding at least one chemical species so as 1o alier
the electronic character of said at least some of said molecu-
lar units.

90, An clectronic junclion according to ¢laim 84 wherein
at least some of said molecular units comprise a moiety
capable of binding a chemical entity sclected from the group
consisting of metal ions, organic molecules, and biological
materials, so as o alier the electronic character of said at
least some of said molecular units.

91. An electronic junction sccording to claim 834 whercin
at least some of said molecular units are sensitive o incident
clectromagnetic radiation which may alter the clectronic
character of s2id al least some of said molecular umits.

92. An clectronic junction according to claim 91 wherein
at leas! onc of said first and second conductive components
is translucent

93. An clectronic junction according to claim 84 wherein
at least some of said molecular umits form a molecular
orbital such that the passage of current through al least some
of said molecular units causes the emission of electromag-
netic radiation from said at least some of said molecular
units.

94. An electronic junction according to claim 93 wherein
said electromapnetic radiation is visible light.

95. An electronic junction according Lo claim 93 wherein
said electromagnetic radiation i infrared light.

96. An electronic junction mﬂi.ng to claim 93 wherein
said :Iecum:gm:u: radiation is

97. An clectronic junction according 1o claim 93 whercin
mlmmdnﬁﬁm:ﬂmﬂm&mwaﬂmm
is translucent.

98. An electromic junction according to claim 84 wherein
at least some of said molecular units are sensilive to the
passage of current such that the passage of current through
at least some of said molecular units cavses a change in the
reflectivity or transmissibility of said monolayer,
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99, An clectronic junction zccording to claim 84 wherein
at least some of said molecular units are sensitive o the
incidence of electromagnetic radiation such that the inci-
dence of electromagnetic radiation on al least some of said
molecular units causes a change in the reflectivily or Lrans-
missibility of said monolayer.

100, An electronic junction according to claim 84 wherein
at least some of said molecolar units form an arrangement of
molecular orbitals such that sald electronic junction is
capable of funclioning as a scmiconductor.

101. A method of producing an electronic junclion, said
method comprising:

(a) providing a first conductive component, said first

conductive component comprising:

() a substrate having a contact surface said substrate
comprising a material selected from the group con-
sisting of metals and semi-conductive materials; and

(i) a monolayer of plurality of substantially parallel
molecular units baving first and second ends, and
attached through their first ends to said contact
surface through a chemical bond having the formula:

R—X

wherein R is a metal, silicon, or carbon atem of said
substrate and X is an oxygen or carhon atom of said
substantially parallel molecular unit; and

(0} placing a second conductive component in clectrical

contact with said second ends of said substantiaily
parallel molecular units.

102, A method of producing an electronic junction
according to claim 101 wherein said substrale comprises a
metal selected from the group consisting of mercury, silver,
and copper,

103, A method of producing an clectronic junction
according to claim 101 wherein said subsirale comprises a
semi-conductive material comprising indivm-doped-tin-
oxide,

14, An elecironic junclion comprising:

{a) & first conductive compaonent, said frst conductive

COMponEnt COmprising:

(1) a substrate having a contact surface; and

(i) a monolayer of plurality of substantially parallel
melecular units having first and second cnds, and
attached through their first ends o said contact
surface through & conjugated bond, wherein at least
some of said molecular units are sensitive to the
passage of current such thal the passage of current
through at least some of said molecular units causes
a change in the reflectivity or ransmissibility of said
monolayer; and

(b} a second conductive component in clectrical contact

with said second ends of said substantially parallcl
molecular units, said second conductive componsnt
compnsing d metal.

105, An electronic junction” according to claim 104
wherein said metal comprised by szid sccond conductive
component is selected from the group consisting of mercury,
silver, and copper,

106. An electronic junction according 1o claim 104
wherein sald metal comprised by said second conductive
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component 15 deposited upon said monolayer of substan-
tially parallel molecular units by a method selected from the
group consisting of chemical vapor deposition, thermal
vapor depasition, sputtering, elecirochemical deposition and
solulion chemical reactions,

107. An electronic junction according to claim 104
wherein said first conductive component comprises electri-
cally conductive carbon,

108. An electronic junction according to claim 104
wherein said substantially parallel molecular units are of
sibstantially the same length,

109, An eclectronic junction according to claim 104
wherein second conductive component is chemically bound
e said sccond ends of sald substantially parallel molecular
units.

110, An electronic junction according to claim 104
wherein at least some of said molecular units comprise a
moiety capable of binding at least one chemical species 5o
as to aller the electronic characler of sald al least some of
said molecular units.

111. An elecironic junction according to claim 104
wherein at least some of sald molecular units comprise 2
moiety capable of hinding a chemical entily selected from
the group consisting of metal ions, organic molecules, and
hiological materials, so as w alter the electronic characler of
said at Jeast some of sald melecular units.

112, An electronic junction according to claim 104
wherein st least some of said molecular units are sensitive to
incident electromagnetic radiation which may aher the elec-
tronic character of said at least some of said molecular units.

113, An clectronic junction according to claim 112
wherein at least one of said frst and sccond conductive
components is translucent,

114, An electronic junction according v claim 104
wherein gl least some of said molecular units form a
molecular orbital such that the passage of current through at
least some of szid molecular unils cavses the emission of
clectromagnetic radiation from said at least some ol said
molecular units.

115, An clectronic junction sccording to claim 114
wherein said electromagnelic radistion is visible light.

116. An electronic junction according 1o claim 114
wherein said electromagnetic radiation is infrared light.

117, An electronic junction zccording to claim 114
wherein said electromagnelic radiztion is amplified.

118. An electronic junction according to claim 104
wherein at least one of said first and sccond conductive
Components is translucent.

119, An e¢lectronic junction according to claim 104
wherein al least some of said molecular units are sensitive to
the incidence of electromagnetic radiation such that the
incidence of electromagnetic radiation on al least some of
said molecular units causes a change in the reflectivity or
transmissibility of said monolayer.

120, An clectronic junction according to claim 104
wherein al least some of said molecular units form an
arrangement of molecular orbitals such that said electronic
junction is capable of functioning as a semiconductor.
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