16 June 2006 1 MONOMOLECULAR ELECTRONI C DEVI CE BACKGROUND OF THE | NVENTI ON
FI ELD OF THE | NVENTI ON The present invention is directed to a 5

nmononol ecul ar el ectronic device. In particular, the present invention is
directed to a nmononol ecul ar transi stor and nononol ecul ar digital |ogic
structures wutilizing a nolecular transistor to provide switching and
power gain. Morre particularly, the present 10 invention direcq%‘%ﬁggbé to
the adding of a nolecular gate structure to a nol ecul ar di ode, ere ?he
diode is also chemcally doped. The nol ecul ar gate structure is forned by
yet anot her insulator group bonded to the nolecular diode in proximty to
a respective dopant 15 group that is influenced by a potential applied
externally to the gate structure. A current conducting conplex is bonded
to this second insulating group so that it can be charged by an external
voltage to influence the intrinsic bias of the diode and thereby 20 switch
the device "on" and "of f". mStrondrHaurialke eLECTRENTIE MBIGEON 1S directed to a

nol ecul ar transistor. wherein _the ower. f.egu ontrol the sw tching
is substantially less than ' ' ed, and therefore
the transistor exhibits power gagpnp Jherdd muvesenbni nvention al so pertains
to nmononol ecul ar | ogic gates constructed from conbinati ons of
mononol ecul ar he present invention is directed to a

5 monomolecular electronic device. In particular, the

present invention is directed to a monomolecular
transietor and monomolecular digital logic structures
utilizing a molecular transistor to provide switching
and power gain, More particularly, the present

10 invention directs itself to the adding of a molecular
gate structure to a molecular diode, where the diode is
also chemically doped. The molecular gate structure is
formed by yet another insulator group bonded to the
molecular diode in proximity to a respective dopant

15 group that is influenced by a potential applied
externally to the gate structure. A current conducting
complex is bonded to this second insulating group so
that it can be charged by an external voltage to
influence the intrinsic bias of the diode and thereby

20 switch the device “on” and “off”. Still further, this
invention is directed to a molecular transistor. wherein
the power required to control the switching is
substantially less than that which is being switched,
and therefore the transistor exhibits power gain. The

25 present invention also pertains to monomolecular logic
gates constructed from combinations of monomolecular
diode-diode logic and monomolecular inverters having

power gain.



di ode-di ode | ogi ¢ and nononol ecul ar inverters having power gain. 16 June
2006 2 PRIOR ART For the past forty years, electronic conputers have grown
nore powerful as their basic sub-unit, the transistor, has shrunk.

However, the |aws of quantum 5 nechanics and the limtations of fabrication
techni ques soon may prevent further reduction in the size of today's
conventional field-effect transistors. Many researchers prOqut %bos
during the next ten to fifteen years, as the snallest feature

nmass- produced 10 transistors shrink fur%her fromtheir present approxinate
width in the range of 100 nanoneters to 250 manoneters, the devices wl|
becone nore difficult and costly to fabricate. in addition, they may no

| onger function effectively in ultra-densely integrated 15 el ectronic
circuits. In order to continue the mniaturization of circuit elenents
down to the nanoneter scale or even to the nol ecul ar scale, researchers
have been investigating several al BBE#BARIs to the solid-state transistor

for ultra 20 densggl G bh¥e k‘g,\_t\@iye};eallyﬁl i ectedayc Sediphssexthi Ch  oOperate

based on the nopvenment of nmsses of electrons in bulk matter, the new
devi ces t ake ke rummy® ForqURAVERSFulEthificdal bpAEAOFEN I Hat ®%er ges at t he

hanormet er Scégéhsistor, has shrunk. However, the laws of quantum
5 mechanics and the limitations of fabrication technigques
soon may prevent further reduction in the size of
today’s conventional field-effect transistors. Many
researchers project that during the next ten to fifteen
vears, as the smallest features on mass-produced
10 transistors shrink further from their present
approximate width inm the range of 100 nanometers to 250
nanometers, the devices will become more difficult and
costly to fabricate. In addition, they may no longer
function effectively in ultra-densely integrated
15 electronic circuits. In order to continue the
miniaturization of circuit elements down to the
nanometer scale or even to the molecular scale,
researchers have been investigating several
alternatives to the solid-state transistor for ultra-
20 dense circuitry. However, unlike today’s FETs, which
operate based con the movement of masses of electrons in
bulk matter, the new devices take advantage of guantum
mechanical phenomena that emerges at the nanometer
scale.
25 There are two broad classes of nanoslectronic
switches and amplifiers.
(a) solid-state quantum-effect and single electron

devices, and



25 There are two broad cl asses of nanoel ectronic sw tches and anplifiers.
(a) solid-state quantumeffect and single electron devices, and 16 June
2006 3 (b) nol ecul ar el ectronic devices. Devices in both classes take
advant age of the various quantum effects that begin to domi nate el ectron
dynam cs on the nanoneter scale. Despite the novelty 5 of the designs of
solid-state quantumeffect and single electron devices, reseq%Qﬂﬁé?OOG

al ready have been able to develop, fabricate, and enploy in circurtry
several prom sing new device types by Building upon fifty years of

i ndustrial experience with bul k sem conductors. 10 Such solid-state
quantum ef f ect devi ces change the operating principles for ultra-mniature
el ectronic switches, but they still bear the difficult burden of relying
on nanoneter-scale structures that nust be "carved" out of anorphous or
crystalline solids. 15 Mol ecular _electronigcs . is a relatively new approach

that woul d change B RS WFS SLEAETRINAHEE%and the materials used in

el ectroni c devi cespediiGed NGEMothEc1hBies Wdkd adivankagbasgeths t hat
nol ecul es are naturally occurring nanonet er-scal e structures. Unlike 20
£

nanost r uct ur e¥apLeRe qantusSELesER dsta i &8 AgmIBate RS F Pt cal Iy,
cheaply, and §gsik¥es ash WiHd fAfomBeesestd . | Bduplebatns cabeeoduct i on of

ul tra-dense
5 of the designs of solid-state quantum-effect and single
electron devices, researchers already have been able to
develop, fabricate, and employ in circuitry several
promising new device types by building upon fifty years
of industrial experience with bulk semiconductors.

10 Such solid-state gquantum-effect devices change the
operating principles for ultra-miniature electronic
switches, but they still bear the difficult burden of
relying on nanometer-scale structures that must be
“ocarved” out of amorphoueg or crystalline solids.

15 Molecular electronics is a relatively new approach
that would change both the operating principles and the
materials used in electronic devices. The incentive
for such radical change is that molecules are naturally
occurring nancmeter-scale structures. Unlike

20 nanostructures built from bulk solids, molecules can be
made identically, cheaply, and easily, as will be
needed for industrial scale production of ultra-dense
computers. Two of the significant challenges to
overcome are (1) to devise molecular structures that

25 act as electronic switches having gain, and (2) to
combine those molecules into a more complex circuit
structure needed for computation and control

applications, as well as providing gain in those



conputers. Two of the significant challenges to overcone are (1) to devise
nol ecul ar structures that 25 act as electronic switches having gain, and
(2) to conbine those nolecules into a nore conplex circuit structure
needed for conputation and control applications, as well as providing gain
in those 16 June 2006 4 applications, so that the devices thus produced
have a wusable "fan out". As is known, a diode is a two- ternlqﬁ ﬁ@bbﬁ@’
which can turn a current "on" or "off". Two types of 5 nol ecular-sca

el ectroni c di odes that have been develoﬁ%d recently, are: (a) rectifying

di odes, and (b) resonant tunneling diodes. Both types of diodes rely on the
application of an 10 external bias voltage to drive el ectrons through one
or nore energy barriers when the externally applied potential reaches a
predet erm ned magni tude. A nol ecul ar resonant tunneling diode (RTD) has

been devel oped, i ch takes advanta%ﬁlg energy, 15 q%) ti a&ion I n a manner
that pernits tHWPATEEAPRE SCoF Ry EVAEPDSE & @é Aded?ai n
contacts of tdyaudbodeahooﬁwwtch “on" and "off" electron current traveling
fromthe source to_the drain. picted,in FIGS. 1A, iss a, nol ecul ar

resonant tunnel i ng?di d8ekprut- Zﬁ‘ﬁégﬁbéén sHHR HeRe@ hPWisfBs M Tour and

denonstrated which can turn a current “on” or “off”. Two types of
5 molecular-scale electronic diodes that have been
developed recently, are:
(a) rectifying diodes, and
(b) resonant tunneling diodes.
Both types of diocdes rely on the application of an
10 external bias voltage to drive electrons through one or
more energy barriers when the externally applied
potential reaches a predetermined magnitude.
A molecular resonant tunneling diode (RTD) has
been developed, which takes adwvantage cf energy
15 guantization in a manner that permits the amount of
voltage bias across the source and drain contacts of
the dicde to switch “on” and “off” electron current
traveling from the source to the drain. Depicted in
FIGS. 1A, is a molecular resonant tunneling diode that
20 has been synthesized by James M. Tour and demonstrated
by Mark A. Reed in 1997. Structurally and
functionally, the device iz a melecular analog of the
much larger sclid-state RTDs that for the past dacade
have been fabricated in guantity in III-V
25 semiconductors. Based upon a molecular conductive wire
backbone, as shown in FIG. 1A, Reed’s and Tour’s
polyphenylene moiecular RTD 11’ is made by inserting two

aliphatic methylene groups 16’ into the molecular



by Mark A. Reed in 1997. Structurally and functionally, the device is a
nol ecul ar analog of the nuch larger solid-state RTDs that for the past
decade have been fabricated in quantity in Il11-V 25 sem conductors. Based
upon a nol ecul ar conductive wire backbone, as shown in FIG |A Reed s and
Tour's pol yphenyl ene nol ecular RTD 11' is nade by inserting two aliphatic
net hyl ene groups 16" into the nol ecular 16 June 2006 5 conductfrqﬁ\mzbsalz
on either side of a single benzene ring 13'. Because of the |gs K t1'ng
properties of the aliphatic groups 16'7? they act as potential energy
barriers 30 and 32 to electron flow, shown in the 5 energy diagrans of

FIGS. IB and 1C. They define the benzene ring 13" between themas a
narrow, approximately 0.5 nanoneter, "island" through which el ectrons nust
pass in order to traverse the length of the nolecular wre. 10 As
illustrated in FIG 1B, if the bias across the nolecule produces incom ng
el ectrons wit RORSRGHERG @itendRgyn ehekewliFider of RoRLPALe HRAZANS of

unoccupi ed ¢ | ev | hasthogcl #Eg dials Wel knan the
i sland, the cﬁ%?ée;ﬂt:a doeggﬁg?é?léo%vmh% éH%T - ﬁ% vﬁ%ﬁeds "of f". However,

if the bias valiphgtis greipgsiléd ddeyhactt h% Re R ticale ®@eFgyof the incom ng

el ectrons allghsyldd) 3012052088 Sediiod H18kNAknofRCLAYeheVel S, as shown
in FIG 1C, e energy of

5 energy diagramg of FIGS. 1B and 1C. They define the
benzene ring 13' between them as a narrow, approximately
0.5 nanometer, “island” through which electrons must
pass in order to traverse the length of the molecular
wire.

10 2g illustrated in FIG. 1B, if the bias across the
molecule produces lncoming electrons with a kinetic
energy, that differs from the energles of unoccupied
quantum levels available inside the potential well on
the island, the current deoes not flow. The RTD is

15 switched “off”. However, 1f the bias voltage is
adjusted so that the kinetic energy of the incoming
electrons aligns with that of one of the intermnal
energy levels, as shown in FIG. 1C, the energy of the
electrons outside the well is said to be in resonance

20 with the allowed energy inside the well. Under that
condition, current flows through the device and that is
said to be switched “on”.

In French Patent Publication #2306531 there is
disclosed a molecular switching device that may be used

25 for amplification, Conductors are formed by chains of
adjacent double links or bonds between the rings
thereof, and are terminated in twec dissipating regions.

However, the referenced device has a principal of




el ectrons outside the well is said to be in resonance 20 with the all owed
energy inside the well. Under that condition, current flows through the
device and that is said to be switched "on". In French Patent Publication
#2306531 there is disclosed a nolecular switching device that nmay be used
25 for anplification. Conductors are forned by chai ns of adjacent doubl e
links or bonds between the rings thereof, and are term nated i;p 00

di ssi pating regions. However, the referenced device has a prlnC|paF ? 16
June 2006 6 operation that is generally anal ogous to bul k effect

sem conductors, rather than an effect that can only be realized in

i ndi vi dual nol ecul es, wherein, for exanple, +the effects of at |east one

dopant are reversed by an 5 externally applied potential. in PCT
Publ i cati on #W97/ 36333 there is disclosed a tunneling device whi ch makes
use of control electrodes to control_the tunneI|n % fl ow ng

bet ween the | AREF2EHRE ddFsut Sof SRRBAHE i TRL °?ﬁé‘sd§ %*%ased on the

principle of s&aié&{dﬁﬂoecsqoeaehaiedhmelaecterﬂiecttuanetl a@n Jitigy ef er ence
al so suggests the wuse of such _a device to construct single-electron

| ogi cal circufealizegd fihdnddggdvabummiasios THESFRVENTEeR example

the effects of at least one dopant are reversed by an
5 externally applied potential.
In PCT Publication #W097/36333 there is disclosed
a tunneling device which makes use of control
electrodes to control the tunneling current flowing
between the input and output of the device. The device
10 is based on the principle of controllable correlated
electron tunneling. The reference also suggests the
use of such a device to construct single-electron

logical circuits.



A nmononol ecul ar el ectronic device is provided that includes a plurality of
nol ecul ar conducting wires chemcally joined together with at | east one
insulating 5 group. At |east one of the plurality of nolecular conducting
wires is chemcally joined to a dopant substituent to forman intrinsic

bi as across the insulating group. A second insulating group is chenically
coupled to the nol ecular conducting wire 10 that is joined to gh %Eggt
substituent. A current conducting conplex is chemcally joine

second insulating group to forma singfe nolecule that exhibits power
gain. The second insulating group is disposed in sufficient proximty to

t he dopant 15 substituent to influence the intrinsic bias wwth a potenti al
applied to the current conducting conplex. The nononol ecul ar el ectronic
device of the present invention may be provided in the formof an inverter
circuit wherein a third |nsulat|ng grou- is chem cally 20 bonded to a
second of the plurality of cE&HHMAEEA: SVENEZON plurality of joined
arOMBLiC ring  StryGhULes AReke calld honded doLkhg-bhidah sl ati ng
group. Looking at the 1 nvention from another aspect, such 25 is directed
o a nononol esufivdes cx tRlowiad ity PEPRIHGT SORENCEANG . WHFRS nononol ecul ar
elect roni ¢ deyhgg: Lo pdes als 'tsaaeggmm % h3asEOBALCLAAD My having

plurality of joIne anti all entical aromatic 16 June 200
5 group. At least one of the plurality of molecular

conducting wires is chemically joined to a dopant
substituent to form an intrinsic blas across the
insulating group. A second insulating group is
chemically coupled to the molecular conducting wire

10 that is joined to the dopant substituent. A current
conducting complex is chemically joined to the second
insulating group to form a single molecule that
exhibits power gain. The second insulating group is
disposed in sufficient proximity to the dopant

15 substituent to influence the intrinsic bias with a
potential applied to the current conducting complex.
The monomolecular electronic device of the present
invention may be provided in the form of an inverter
circuit wherein a third insulating group is chemically

20 bonded to a second of the plurality of conducting
wires, and a plurality of joined aromatic ring
structures are chemically bonded to the third
insulating group.

looking at the invention from ancother aspect, such

25 igs directed to a monomolecular electronic device having
power gain. The monomolecular electronic device
includes at least one molecular conducting wire having

a plurality of joined substantially identical aromatic




8 ring structures. At least one first insulating group bonded between a
respective pair of the aromatic ring structures establishes two sections
of the nolecular conducting wire, a first of the sections being coupled 5
to a first electrical contact, and a second of the sections being coupled
to a second contact. At |least one of the two sections is doped to form at
| east one of an electron donor site and an el ectron acceptor1eshﬁg 06%
nol ecul ar gate structure is chemcally bonded 10 to one of the les? and
second sections in sufficient proxinitf to the dopant to influence by
means of a potential applied to the gate structure an intrinsic bias
formed between the first and second sections by the dopant. The nol ecul ar
gate structure is coupled to 15 a third contact for coupling to a source of
the applied potential. Fromyet another aspect, the present invention is
directed to a nononol ecul ar transi,stor that_jncludes_a &gglgﬁhenylene-based
r

conduct i ng wi FEPHaFERYCEURPEr alftt 238 0PRP of HeRF ARG GBt ruct ures,

and at |east @RAdedNSUtREémta Gpechondegabetyame arempaeiti ¥engair of the
nmol ecul ar ring structures tqg establish two sections onducti ng

of the
wire. The non&YSMEEHFEF eFiaRiishse typs8eFitR&sE éhPipgﬁeaﬂiﬁﬁt gr oup

bonded to at |@a3lic@ngNPLF®) 6F Widist’ bROcBE rdkdtiichs0bhc088 &66pioa@ Of the
conducting wire to forma respective electron donor site. A second dopant

group bonded tt® at fliegstietprtrical contact, and a gsecond of the
sections being coupled te a second contact. At least

one of the two szections is doped to form at least one
of an electron donor spite and an electron acceptor
site. A molecular gate structure is chemically bonded
10 to one of the first and second sections in sufficient
proximity to the dopant to influence by means of a
potential applied to the gate structure an intrinsic
bias formed between the first and second sections by
the dopant. The molecular gate structure is coupled to
15 a third contact for coupling to a source of the applied
potential.
From yet another aspect, the present invention is
directed to a monomolecular transistor that includes a
polyphenylene-basged conducting wire having a plurality
20 of joined meolecular ring structures, and at least one
insulating group bonded between a respective pair of
the molecular ring structures to establish two sections
of the conducting wire. The monomeolacular transistor
also includes a first dopant group bonded to at least
25 one molecular ring structure of one section of the
conducting wire to form a respective electron donor
gite. A second dopant group bonded to at least one

molecular ring structure of the other section forms an



mol ecul ar ring structure of the other section forns an 16 June 2006 9

el ectron acceptor site. A second insulating group is chemcally bonded in
proximty to one of the first and second dopant groups, and a current
conducting conplex is bonded to the second insulating group for coupling 5
an electric charge thereto for nodifying an intrinsic bias forned by the
first and second dopant groups. Froma further aspect, the pr%‘@ggzooa
invention is directed to a nononol ecul ar_ el ectroni c device for

nol ecul ar di ode having at |east one bar fi er 10 i nsul ating group chen1ca||y
bonded between a pair of nolecular ring structures to forma pair of diode
sections. At |east one dopant group is chemcally bonded to one of the
pair of diode sections. A nolecular gate structure is chemcally bonded to
the 15 one di ode section to which at |east one dopant group is chemcally
bonded for influencing an intrinsic bias forned the at lea t one dopant

group. it is CHEFEFORe2ETERINR & t6r tﬁesﬁ?%ﬁﬁnﬂnﬁ off*°¥B pfovide a

nononol ecul ar chwhi 681 1g BWALE it BiroROmedi 1) tonP@ICLh@AiEArsttand a furt her
obj ect of the present 1nvention to provide an electronic smntﬁhlng devi ce

with power gaiS§coB¢ @%@ﬁ%ﬁkﬂﬁqqﬂﬁ'oﬁné Bab MU WS 8BPRYS= nol ecul ar
diode to formg sLAALE ! @ RMAGCIndR1AtHKY iARuAToR LHAPSLsFOr.

5 an electric charge thereto for modifying an intrinsic
bias formed by the first and second dopant groups.

From a further aspect, the present invention is
directed to a monomolecular electronic device formed by
a molecular diode having at least one barrier

i0 insulating group chemically bonded between a pair of
molecular ring structures to form a pair of diode
sections. At least one dopant group is chemically
bonded to onme of the pair of diode sections. A
molecular gate structure ig chemically bonded to the

15 one diode section to which at least one dopant group is
chemically bonded for influencing an intrinsic bias
formed by the at least one dopant group.

It is therefore an object of the present inventlon
to provide a monomolecular switching device that

20 exhibits power gain.

It is a further object of the present invention to
provide an electronic switching device with power gain
by the addition of a gate structure to a doped
molecular diode to form a single molecule which

25 functions as a transistor.

It is still another object of the present

invention to provide a monomolecular transistor circuit

that functions as an inverter.



it is still another object of the present invention to provide a

nmononol ecul ar transistor circuit that functions as an inverter. 16 June
2006 10 Further, it is an object of the present invention to provide

Bool ean | ogic functions by the joining together of nolecul ar di ode-di ode

l ogic structures with a nolecular inverter to provide particul ar Bool ean 5
functions and sinultaneously thereby provide power gain. TheﬁgJﬁﬂg Hééer
advant ages and novel features of the invention will becone apparen? rom
the followi ng detailed description wheh9considered in connection with 10
t he acconpanying drawi ngs. 16 June 2006 11 BRI EF DESCRI PTI ON OF THE
DRAWNGS FIGS. 1A 18 and 1C schematically show the structure and the
operation of a nolecular resonant tunneling di ode denonstrated by Reed and
Tour; 5 FIG 2A shows an exenplary schematic representation of a nol ecul ar
rectifying diode;, FIGS 28, 2C and 2D show schematically the orbital

ener gy di agr am ass8¥rhbed vt his 3ol PIReRyPENERd REFeT 0 ATIEPEE BT ar
rectifying di qde pebid@bUsSe1 SR Ehieti0n by WIRD Jiaingl ecul e has an

applied "forward® bias, and appli'ed "reverse” bias, and a "zero" bias,
together of molecular diode-diode logic structures with

a molecular inverter to provide particular Boolean
5 functions and simultaneously thereby provide power
gain,
These and other advantages and novel features of
the invention will become apparent from the following
detailed description when considered in connection with

10 the accompanying drawings.



respectively; FIG 3A is an exenplary schematic diagramof the present
invention illustrating a three-termnal 15 nol ecular switching device with
the gate in an wuncharged state; FIG 3B schematically shows the orbital
energy diagram associated with the three-terminal device of FIG 3A; 20
FIG 3Cis an exenplary schematic diagram of the present invention
illustrating a three-termnal nolecular swtching device vmth|6tJlaﬁ g%@ I n
a charged state; FIG 3D schematically shows the orbital energy )

di agram associated with the three-ternm¥al nol ecul ar switching device of
FIG 3C FIG 4A schematically shows an exenplary alternative
configuration of the present invention; FIG 4B schematically shows the
orbital energy 30 diagram associated with the three-termnal switching 16
June 2006 12 device of FIG 4A;, FIG 4C schematically shows the nol ecul ar
switching device of FIG 4A W|th a charged gate structure; 5 FIG 4D
schematically shows the E Fevgst®@t ed Wth the

three-term nal sw tghi nQLA’d%_\éI gﬁdogc@gmﬁguany show the

structure and the operation of a molecular resonant

tunneling diode demonstrated by Reed and Tour;
5 FIG. 2A shows an exemplary schematic
representation of a molecular rectifying diode;

FIGS. 2B, 2C and 2D show schematically the orbital
energy diagram associated with a polyphenylene-based
monomolecular rectifying diode structure, shown in FIG.

10 2A, when the molecule has an applied “forward” bias,
and applied “reverse” bias, and a “zero” bias,
respectively:

FIG. 3A is an exemplary schematic diagram of the
present invention illustrating a three-terminal

15 molecular switching device with the gate in an
uncharged state;

FIG. 3B schematically shows the orbital energy
diagram assoclated with the three-terminal device of
FIG. 3A;

20 FIG. 3C is an exemplary schematic diagram of the
present invention illustrating a three-terminal
molecular switching device with the gate in a charged
state;

FIG. 3D schematically shows the orbital energy

25 diagram associated with the three-terminal molecular
switching device of FIG. 3C;

FIG. 4A schematically shows an exemplary
alternative configuration of the present invention;

FI@. 4B schematically shows the orbital energy

30 diagram associated with the three-terminal switching



FI GS. 5A, 5B,

nol ecul ar swi

utilizing a nolecular 20 25 resonant tunneling diode to mhicq6g9&§§
groups and a nolecular gate structure are bonded; FIG 7B shows ano

5C and 5D each schematically shows a representative
nol ecul ar structure for the three 10 term na
present invention;

swi tchi ng device of the
FIG 6 shows an alternative exenplary three- terni na

tching device of the present invention; FIG 7A shows an
exenplary three-termnal 15 switching device of the present invention

208,

alternative exenplary three- termnal siitching device of the present

I nvention utilizing a nolecul ar

groups and a
respectively,

representative nol ecular structure for an inverter of
I nvention, and an exenpl ary pol yphenyl ene- based nol ecul ar inverter

resonant tunneling diode to which dopant

nol ecul ar gate structure are bonded; FIGS. 8A, 8B and 8C,

show schematically a circuit diagramfor an inverter
t he present

a

of the

present inventevice 16f Fiffe 2606 13 FIGS. 9A and 98, respectively, show

schematical ly

i nverter of the present invention, and an exenpl ary

10

15

20

25

switching device of FIG. 4A with a charged gate
gstructure;

FIG. 4D schematically shows the orbital emnergy
diagram associated with the three-terminal switching

device of FIG. 4C;

FIGS. 5A, 5B, 5C and 5D each schematically sbows a

representative molecular structure for the three-
terminal switching device of the present invention;
FIG., 6 shows an altermnative exemplary three-
terminal molecular switching device of the present
invention;
FIG. 72 shows an exemplary three-terminal
switching device of the present invention utilizin§ a

molecular

resonant tunneling diode to which dopant groups and a

molecular gate structure are bonded;

FIG. 7B shows another alternative exemplary three-

terminal switching device of the present invention

utilizing a molecular resonant tunneling diode to which

dopant groups and a molecular gate structure are
bonded;

FIGS. 82, 8B and 8C, respectively, show
schematically a circuit diagram for an inverter, a
representative molecular structure for an inverter of
the present invention, and an exemplary polyphenylene-

based molecular inverter of the present invention;

an @id eratdonemh ePELSRN tldwse LBl Aeybak1 st ructure for

t he



pol yphenyl ene- based nol ecul ar structure of the inverter 5 of FIG 9A;

FI GS. 10A and 10B, respectively, show a schematic electrical circuit

diagram for a NAND gate, and an exenplary pol yphenyl ene-based nol ecul ar

NAND gate of the present invention; 10 15 FIGS. 11A and 11B, respectively,

show a schematic electrical circuit diagramfor an XNOR gate, and an

exenpl ary schematic diagramfor a pol yphenyl ene-based nol ecular, XNskgat e

of the present invention; and, FIGS. 12A and 128, respectlvely, shOM/a

schematic electrical circuit schematicdircuit di agram for a HALF ADDER,

and an exenplary schematic diagramof a pol yphenyl ene-based nol ecul ar HALF

ADDER of the present invention. 20 16 June 2006 14 DESCRI PTI ON OF THE

PREFERRED EMBODI MENTS Referring to FIG 2A, there is shown a rectifying

di ode nol ecul ar structure 11 which is based on a polyaronatic conducti ng

wire 12 which conprlses of seguent.i bon bstanti al

i dentical aromatic ¥{%g gﬁrﬁ%&u%%@ 9ﬂ§i§ﬁg¥feﬁh i %ﬁ%? FZ? Ul ar Y

conducti ng W ra ia3 tRraiak@ie ﬁﬁﬁfﬁé&ﬁtad&&élmglacﬁﬂaweﬁuﬁQbﬂﬂkesmbstant|aIIy

| denti cal rlru%he inverter of the present invention, and an exemplary
polyphenylene-based molecular structure of the inverter

5 of FIG. 9A;
FIGS. 102 and 10B, respectively, show a schematic
electrical circuit diagram for a NAND gate, and an
exemplary polyphenylene-based molecular NAND gate of

the present invention;

10
FIGS. 11A and 11B, respectively, show a schematic
electrical circuit diagram for an XNOR gate, and an
exemplary schematic diagram for a polyphenylene-based
molecular XNOR gate of the present invention; and,
15 FIGS. 12A and 12B, respectively, show a schematic

electrical circuit schematic circuit diagram for a HALF
ADDER, and an exemplary schematic diagram of a
polyphenylene-~-baged ﬁolecular HALF ADDER of the present
invention.

20



structures bonded or |inked together, sequentially 10 and/or in parallel,
that forman electrically conductive nolecular chain or nmesh. By "linked"
aromatic rings, it is meant that the rings are singly or nultiply bonded
to each other or to intervening carbon atons or hydrocarbon groups. The
use of the 15 termaromatic ring is neant to include ring nol ecular
structures having substantially aromatic character, such as ﬁéggﬁebﬁﬁé)
whi ch het er oat ons have been inserted and bonded in the ring. Such

het er oat ons being atoms other than cark¥bn, for exanple, atons sel ected
from20 elenents in groups IIl, IV and V of the Periodic Table, Iike
boron, silicon, or nitrogen. The conductive nolecular wire may be forned
of such rings as benzene, cyclopentadiene, cycl opropene, and conbi nations
thereof. 25 The single nolecule 11 has two sections 14 and 15 separated by
an insulating group 16, represented bz an _R_The section 14 of the

mol ecul e 11 nmay be doPeICHAPTION OF,THE PREESS SHEQPLMENES ng group,
represented by a ﬁfefbﬁmi% deret 023 Thensecti Dinbomoh thettpyagyl e 11 16
June 2006 15 may be doped by at |east one el ectron donating group 18,
represent ed bfiafdexnobegiar tatametyre| hl fgeich §A pasgleBektion 14 or 15

need be doped, The, ALOPRL | Soddudiingdyerd i PKGhil0LReE1WeENaat | east one of
the respective 5" X and Y group dopants bei ng bonded to one or nore sites
5 plurality of sequentially bonded substantially

a-ats

identical aromatic ring structures 13. As applied
herein, molecular conducting wire is a single molecule
having a plurality of substantially identical ring
structures bonded or linked together, sequentially

10 and/or in parallel, that form an electrically
conductive molecular chain or mesh. By ™“linked”
aromatic rings, it is meant that the rings are singly
or multiply bonded to each other or to intervening
carbon atoms or hydrocarbon groups. The use of the

15 term aromatic ring is meant to include ring molecular
structures having substantially aromatic character,
gsuch as rings into which hetercatoms have been inserted
and bonded in the ring. Such heteroatoms being atoms
other than carbon, for example, atoms selected from

20 elements in groups III, IV and V of the Periodic Table,
like boron, silicon, or nitrogen. The conductive
molecular wire may be formed of such rings as benzene,
cyclopentadiene, cyclopropene, and combinations
thereof.

25 The single molecule 11 has two sections 14 and 15
separated by an imsulating group 16, represented by an
R. The section 14 of the molecule 1l may be doped by
at least one electron withdrawing group, represented by

a Y, bonded thereto. The section 15 of the molecule 11



of the respective sections of the conducting wire. The bonding of the

I nsul at or and dopants to the conducting wre may be carried out by
conventional insertion and substitution reactions well known in the art,
either 10 alone or in conbination with manipul ation techniques using a
scanning tunneling el ectron m croscope or other nanoprobe. Further, the

i nsulating group 16 may be wutilized to "splice" two conductiqg wﬁigéos
together, each representing a respective one of the sections i and
15. As shown, the nolecular structure 2P represents a rectifying di ode
that is integrally enbedded in a polyphenyl ene-based nol ecul ar conducti ng
wre 12. Here, the benzene rings 13 are linked by triply bonded 20

et hynyl ene |linkages 19. The triply bonded ethynylene |inkages 19 are
inserted as spacers between the rings 13 in order to elimnate the steric

I nterference between hydrogen atons bonded to thg a%}acent rings 13. An
i nsul ator 16 W%Yi%diﬁﬁﬁdalbéfdaf‘n?‘ﬁaf‘l‘lé%r?&?&:mﬂ 8k HFBBhdi ng a

saturated aliphatig HUHbedObydafll RH ol RBe2eBbedOM NEAYL aldnapat i ¢
character with respect to electron transport (no pi-orbitals) therein. The
additi on of tﬁ%ei$ﬁﬂﬂ%ﬁﬁoﬂ419rdﬂ§iH%%ﬂthﬁad%@ﬁ&uct?ﬁﬁ AFFRRtIht 0P8R0 secti ons

14 and 15. Thg, secidiQ Wbdetndf Jube £00Gake shevert enderdigpadive form an
el ectron acceptor site, and the section 15 is doped to form an el ectron
donor 5 X and Y group dopants being bonded to one or more sites

of the respective sections of the conducting wire. The
bonding of the insulator and dopants to the conducting
wire may be carried out by conventional insertion and
substitution reactions well known in the art, either

10 alone or in combination with manipulation techniques
using a scanning tupneling electron microscope or other
nanoprobe. Further, the insulating group 16 may be
utilized to “splice” twe conducting wires together,
each representing a respective one of the sections 14

15 and 15,

As shown, the molecular structure 1l represents a

rectifying diode that is integrally embedded in a
polyphenylene-bagsed molecular conducting wire 12.
Here, the benzene rings 13 are linked by triply bonded

20 ethynylene linkages 19. The triply bonded ethynylene
linkages 19 are inserted as spacers between the rings
13 in order to eliminate the steric interference
between hydrogen atoms bonded to the adjacent rings 13.
An insulator 16 is incorporated into the conducting

25 wire by bonding a saturated aliphatic group, or a group
having a predominant aliphatic character with respect
to electron transport (no pi-orbitals) therein. The
addition of the insulator 16 divides the conducting

wire into two sections 14 and 15. The section 14 is



site. Although only one electron donor site and one electron acceptor site
are shown, nultiple sites may be 5 incorporated into the structure, into
the sane ring, or adjacent rings, to adjust the voltage drop across the
insulator 16. It should also be noted, that a sufficient voltage drop can
be obtained by doping a single section 14, or 15 with a respective dopant
17, 10 or 18. The respective distal ends of the conducting mﬁé%ﬁn336?F
joined to contacts. The conductivity of that connection is inprove y the
substituent group w respectively at the distal ends of the conducting wire
and chemcally binds to an electrical contact. 15 Conparing the nol ecul ar
structure 11 shown in FIG 2A with the potential energy diagranms shown in
FIGS. 2B-2D, it may be observed that the insulating group 16 in
substantially the mddle of the nolecule 11 is associated with a potenti al
energy barrier 20. There 20 are also barriers 21 and 22 between the

mol ecul e 11 afBowRhiee demdlrmEds &oc EATRCRR DRchRP ACSEPEPY h8tt®Nnd of the

nol ecul e 11_fgﬁgeghgyséégggd1m%eggsd$b3@v@5ukd&“lgﬁaggggegbgt&&hng' sel ective
attachnment in the particular atom c or nolecular structure of the 25

contacts 23, BidteThehbehaudly pdysereesledtsan Momor A1t8eBFeePRR el ectri cal
| solation bet M@Qtw{f Q&.{Jpego@fsit,eaaké é&iovme,nﬁﬂrﬁgw gitsHiddfiwat to
prevent the energy levels 26, 26" and 25, 25' of the sections 14 and 15
from com ng i Ancorperatdd iinho lbgestructirRy Jintes thensapeoeing, or
adjacent rings, to adjust the voltage drop acrosgs the
insulator 16. It should alsoc be noted, that a
sufficient voltage drop can be cbtained by doping a
single section 14, or 15 with a respective dopant 17,
10 or 18. The respective distal emds of the conducting
wires are joined to contacts. The conductivity of that
connection is improved by the substituent group w
respectively at the distal ends of the conducting wire
and chemically binds to an electrical contact.
15 Comparing the molecular structure 11 shown in FIG.
2A with the potential energy diagrams shown in FIGS.
2B-2D, it may be observed that the insulating group 16
in substantially the middle of the molecule 11 is
associated with a potential energy barrier 20. There
20 are also barriers 21 and 22 between the molecule 11 and
the conductive contacts 23 and 24 at either end of the
molecule 11 formed by substituents ® having a
characteristic for selective attachment in the
particular atomic or molecular structure of the
25 contacts 23, 24. The barrier 20 serves to maintain a
degree of electrical isolation between the different
parts of the structure, sufficlent to prevent the
energy levels 26, 26’ and 25, 25' of the sections 14 and

15 from coming into equilibrium. However, none of



17 these barriers are so wide or so high as to conpletely prevent

el ectrons under a bias voltage fromtunneling through them The materi al
of the contacts 23, 24 nay be a metal or a conductive non-netal, such as 5
buckyt ubes. The insulating group R could be any group that is nore

i nsul ating than the polyaromatic chain 12. Sonme candi dates for this role
I ncl ude al iphatic groups such as sigm bonded net hyl ene grouqﬁJP-gbgoé or
di mret hyl ene groups (-CH2CH2-). 10 As shomm in FIG 2D, to the f t he
central barrier 20, all of the pi-type 1Y%al ence energy levels 25 are

el evated in energy because of the presence of the electron donating group
18, designated by the X in the diagramof the nolecule 11. This includes
both the 15 hi ghest occupied nol ecular orbital (HOMD and the | owest
occupi ed nol ecular orbital (LUMD. Anong the possible electron donating

substituents, the followng are exanples of some of the s h g %
substituents VHeeR bﬁfﬁ?’-%’és W59 iSedifs PHr Q1 IHER && iRy r‘?@“" PEBLY such 20

substituents 'SJ%%MHHE o1 donOhderCEBhbi 2 HA H g E i @ uhbkBing N t he
er

context of no n nol ecul ar guantum nechanics, it should be under st ood

that an el ect kB&ougBnEReRg grisuMaieRdad o6 Bie HAWMERGEE PPng2tehdE to 25
place a great g, gl ReLhPNoHeNSidnauiRaRe! HBnlhOa OF MM @= Mul tiple X groups

are bonded to several conjugated aromatic rlngs a greater electron density
upon n@|t|p|ebuckytubes. The insulating group R could be any group

that is more insulating than the polyaromatic chain 12.

Some candidates for this role include aliphatic groups

such as sigma bonded methylene groups (-CH,-} or

dimethylene groups (-CH,CH,-).

10 As shown in FIG. 2D, to the left of the central
barrier 20, all of the pi-type valence energy levels 25
are elevated in energy because of the presence of the
electron donating group 18, designated by the X in the
diagram of the molecule 11. This includes both the

15 highest occupied molecular orbital (HOMO) and the
lowest occupied molecular orbital (LUMO). Among the
possible electron donating substituents, the following
are examples of gsome of the suitable substituents which
may be utilized to form the rectifying diode, such

20 substituents include: -NH,, -0H,

-CH;, -CH,CH,, and the like.

In the context of modern molecular guantum
mechanics, it should be understood that an electron
donating group bonded to an arcmatic ring tends to

25 place a greater electron density upon the ring or where
multiple X groups are bonded to several conjugated
aromatic rings a greater electron density upon multiple
rings, under a zero applied biag. This increases the

amount of mutual repulsion among the electrons in the



rings, under a zero applied bias. This increases the anount of nutual
repul sion anong the electrons in the 16 June 2006 18 nol ecul ar orbital
associated with the ring structure, or conjugated ring structure. In this
case of the conjugated ring structure, to the left of the central Dbarrier
20, this additional repulsive interaction 5 raises the total energy, as
wel | as its component orbital energies. To the right of the ggnttaboos
barrier all the pi- type val ence ener gy, | evel s are | owered i n energy
because of the presence of the electron %nthdramnng 10 group 17, designated
by a Y in the nolecular diagram This includes both the HOMOs and t he
LUMOs on the acceptor site. Exanples of sone of the electron w thdraw ng
substituents that are suitable for form ng an acceptor dopant include:
-NO®2, -CH -CHO 15 -COR, and the like, where R is an aliphatic chain
The electron wi t hdr awi ng group 17 i g bo eg to.a rin of multip

groups 17 may™9¢eFELpE TR ﬁ@ﬁ&&&aFS e & u§§F88£3¥%hat|c ri ngs

13. These grou@scoh gawdrﬂm_;v%teheehfsn densitis fhes biethespective 20
ring or rings 13, er eby reduci t he anpunt of elec ron re£%L3|on anong
t he eIectrons°&§§H€Pﬁ?§dr%Rqut UWrpngtet FRR thREE °br Te8nFERh ring

structure. Theserdifl 9 shesh 4 eRidithivBal NEehadivansdtavaetibe total  energy
of the structure to the right of the centra
5 raises the total energy, as well az its component
orbital energies.

To the right of the central barrier all the pi-
type valence energy levels are lowered in energy
because of the presence of the electron withdrawing

10 group 17, designated by a Y in the molecular diagram.
This includes both the HOMOs and the LUMOs on the
acceptor gite. Examples of some of the electron
withdrawing substituents that are suitable for forming
an acceptor dopant include: -NO,, -CN, -CHO,

15 -COR', and the like, where R’ is an aliphatic chain.
The electron withdrawing group 17 is bonded to a ring
13 or multiple groups 17 may be respectively bonded to
several conjugated aromatic rings 13. These groups
tend to remove electron density from the respective

20 ring or rings 13, thereby reducing the amount of

' electron repulsion among the electrons associated with
the ring structure, or comjugated ring structure.
These diminished repulsive interactions lower the total
energy of the structure to the right of the central

25 barrier 20, as well as its component crbital energy.
under a zerxo bias condition.

The addition of one or more dopant substituents
provides, in a sense, a “pre-blas” across the barrier

20. This pre-bias or dopant induced difference in the



25 barrier 20, as well as its conponent orbital energy, wunder a zero bias
condition. The addition of one or nore dopant substituents provides, in a
sense, a "pre-bias" across the barrier 20. This pre-bias or dopant induced
difference in the 16 June 2006 19 orbital energy levels on the two sections
of the nolecule 11 exists even when there is zero externally applied

bi as, as shown in FIG 2D. That pre-bias nmust be overcone f056§é§§§6&?5 to
flow fromthe electron 5 acceptor doped section to the el ectron”donor doped
section, tunneling through barrier 20. Hhe difference in energy (AELUO)
between the orbital energy of the donor LUMO (En-LGCaso) and the orbital
energy of the |lowest- energy orbital on the acceptor (E,,.Lo), established
by 10 the doping of the conducting wire sections, nmake possible the
rectifying diode operation of the nolecule. By the use of both an el ectron
donating group and an el ectron w thdrawi ng group bonded to respective
conducti ng wi pebibalierrray Heviedsr PRsFRe i sertiiongnfintRY, el evating

pi -orbitals ZMLC{J% ffuist%leweﬂnwﬁ&@ emu%gzgt}s Bkeoebi1g) s 26 of the

acceptor section. previously discussed, sufficient energy |evel
di fferences cappiied brasbtad mdgwoyint FIGzidRy aThetngre-Bsparftusteither an

el ectron donog.aLoup.gle 2 Q1eleebhaN.APRA} Frol MR oYBEERLYOU! d be
rfyrng di

sufficient for rec ode operati on.
5 acceptor doped section to the electron donor doped

section, tumneling through barrier 20. The difference
in energy (AEy,) between the orbital enexgy of the
donor LUMO (E,..mo) and the orbital energy of the lowest-
energy oxrbital on the acceptor (E, ;). established by

10 the doping of the conducting wire sections, make
possible the rectifying diode operation of the
molecule. By the use of both an electron donating
group and an electron withdrawing group bonded to
respective conducting wire sections, the intrinsic bias

15 is enhanced, elevating pi-orbitals 25 of the donor
section and reducing the pi-orbitals 26 of the acceptor
section. As previously discussed, sufficient energy
level differences can also be obtained by utilizing a
single dopant, either an electren donor group or an

20 electron acceptor group, which would be sufficient for
rectifying diode operation.

The induced difference in the relative energetic
positions of the valence pi-orbitals 25 in the donor
section 15 and valence pi-orbitals 26 in the acceptor

25 section 14, of the molecule 11, at zero externally
applied voltage bias, provides the basis for
operational principles of a monomolecular rectifying
diode embedded in a molecular conducting wire. The

operational principles of such a rectifying diode are



The induced difference in the relative energetic positions of the val ence
pi-orbitals 25 in the donor section 15 and valence pi-orbitals 26 in the
acceptor 25 section 14, of the nolecule 11, at zero externally applied
vol tage bias, provides the basis for operational principles of a

nmononol ecul ar rectifying diode enbedded in a nolecul ar conducting wre.
The operational principles of such a rectifying diode are 16.dyp 20
described in detail in follow ng paragraphs. In FIG 2B, a forward voltage
bi as has been placed upon the mol ecul €41 of FIG 2A with a hi gh vol t age
on the contact 24 (left-hand contact) and a | ower voltage 5 on the contact
23 (right-hand contact). Under that bias condition, electrons in the
occupi ed quantum |evels of the |lower voltage right-hand section 14 are

i nduced to flow fromright to left through the nolecule 11 to reach the
hi gher vol tage |eft-hangd sectiqn 15. That flow of .electrons is a result
of an energy dﬁSFFéPEat T+l ?ﬁﬁe&%;#g@’hﬁl?w%aﬁm\/oltage, t he

el ectrons being dr aunrte. the, seddraarfavbDgage 0Sid ihed beeht pyecapplied to
it. The occupied quantumlevels in each contact are_ .15 represented by the

cl osel y spacedPR8r FhgrPatefitsloPE HECt ndhs it ¥RetPEP PFght of
FIGS. 28, 2C ahd cdRcadhezenerdpt-Bhnbheohtadestad 4 heseroceuphgd | evel s
27, the Ferm level, is known as the Ferm energy (E?)

5 on the contact 23 (right-hand contact). nder that

bias condition, electronz in the occupied guantum
levels of the lower voltage right-hand section 14 are
induced to flow from right to left through the molecule
11 to reach the higher voltage left~hand section 15.

10 That flow of electrons is a result of an energy
differential formed by the applied bias voltage, the
electrons being drawn to the section having a positive
voltage applied to it.

The occupied quantum levels in each contact are

15 represented by the closely spaced horlzontal lines 27
at the far left and the far right of FIGS. 2B, 2C and
2D. The energy of the highest of these occupied levels
27, the Fermi level, is known as the Fermi energy (E;)
in the metal contact. Applying a forward-bias veoltage

20 tends to raise the energy of the Fermi level of the low
voltage contact and lower the energy of the Fermi level
in the other one. Then, for this right-to-left flow of
electrons to occur under a forward-bias, the
differential voltage bias must be sufficient to raise

25 the Fermi energy of the electrons in the occupied
levels of the contact 23 at least as high a= the energy
of the LUMO pi-orbital in the acceptor section 14 of
the molecule 11. This is in accordance with the Pauli

Exclusion Principle, where more electrons are prevented



in the netal contact. Applying a forward-bias voltage 20 tends to raise the
energy of the Ferm |evel of the low voltage contact and | ower the energy
of the Fermi level in the other one. Then, for this right-to-left flow of
el ectrons to occur under a forward-bias, the differential voltage bias nust
be sufficient to raise 25 the Ferm energy of the electrons in the
occupied levels of the contact 23 at |east as high as the eniég¥ Qﬁoéhe
LUMO pi-orbital in the acceptor section 14 of the nolecule 1 R §
accordance with the Pauli Exclusion Pr?hciple, where nore electrons are
prevented 16 June 2006 21 fromentering the | ower energy HOMO pi-orbitals
in the acceptor half of the nolecule, since they already are doubly
occupi ed and the el ectrons therein cannot tunnel off to the left. 5
However, if the Ferm energy of the contact 23 is raised by the

forward-bi as voltage, up to or above the energy of the LUMDs on t he
accept or sect ifsem enbesiegttlomslovey enareY FOMMRIoWRIt238 Rt EP¢he enpty

LUMDs i mredi atelyp Eertﬂslke&ﬁ enE8R1 eblife 8! £LdONRSARL-EQaluaREl tO the
| eft, once agaln, throug the central insulating barrier 20 to the

unoccupi ed madictdly efcumbt@candither bileaFsor tharedon GRrEeEt tBARES of the

nol ecul e 11. é?gvgotgﬁe Lgshold or "turn on" voltage for the nolecul ar

rectifying diode, the nolecular 15 orbitals in donor section 15 are
sufficsently | ower Bewever, if the Fermi energy of the contact 23 is

raised by the forward-bias voltage, up to or above the
energy of the LUMOs on the acceptor section, the
electrons can tunnel from contact 23 intec the empty
LUMOs immediately to the left. Then, the electrons can
10 tunnel to the left, once again, through the central
insulating barrier 20 to the unoccupied manifold of
molecular orbitals in the donor section 15 of the
molecule 11. Above the threshold or “turn on” voltage
for the molecular rectifying diode, the molecular
15 orbitals in donor section 15 are sufficiently lowered
in energy by the forward-bias voltage so that one or
more of them matches a LUMO in the acceptor section 14
of the molecule 11, as depicted in FIG. 2B.
As it will be appreciated by those skilled in the
20 art, in the forward-bias case, the amount of voltage
that must be applied is not likely to be very great in
order to start electrons flowing by raising the Fermi
level of the comtact 23 sufficiently to exceed the LUMC
energy of the acceptor section 14 of the molecule 11.
25 This is because all the energy levels of the acceptor
section 14 have been lowered in advance by the presence
of the substituent electron withdrawing group 17 bonded
to section 1i4.

On the other hand, it is not so easy a matter to



in energy by the forward-bias voltage so that one or nore of them matches
a LUMO in the acceptor section 14 of the nolecule 11, as depicted in FIG
2B. As it will be appreciated by those skilled in the 20 art, in the
forward-bi as case, the amount of voltage that nust be applied is not
likely to be very great in order to start electrons flowi ng by raising the
Ferm |level of the contact 23 sufficiently to exceed the LUNQ%L@Fg?ﬁgGOf

t he acceptor section 14 of the nolecule 11. 25 This is because a e
energy levels of the acceptor section #4 have been lowered in advance by
the presence of the substituent electron wthdraw ng group 17 bonded to
section 14. On the other hand, it is not so easy a matter to 16 June 2006
22 start electron flow when a reverse-bias voltage has been placed upon
the nmolecule 11, as illustrated schematically in FIG 2C In the
reverse-bias case, wth the higher voltage on the contact 23 and the | ower
5 vol tage on t#Hextosdastron fhpwdhasnd raveReerPimd -YlddgecHafact 24

normal Iy woul d,0ai drenddt Gpbhovhd WRdeehb 19, & ofi1ddweual the mol ecul e

11. To actually start this™ electron flow, through, the reverse-bias
vol tage nust dwhemgftiiicaldmt inoFE&i &Lt h&nFehgi revsite Fiash&ad6nt act 10 24

so that it is atey] @3Sl 138n0k 0P Pladd'@nCReLIYoREal D623 MO thie- @6hkEaI S in
t he donor section 1%'0P ?ﬁe nol ecul e 11. In the reverse-bias case,
howeveB, the voltage on the contact 24, electrons in the right-hand
contact 24 normally would not tend to flow from left to
right through the molecule 11. To actually start this
electron flow, through, the reverse-bias voltage must
be sufficient to raise the Fermi level of the contact
10 24 go that it is at least as high as the energy of the
LUMO pi-orbitals in the donor section 15 of the
molecule 11, In the reverse-bias case, however, the
amount of voltage that must be applied is considerably
greater than in the forward-bias case, im order to
15 raise the Fermi energy of the contact sufficiently to
exceed the LUMO energy of the adjoining portion of the
molecule 11. This is because all the energy levels of
the donor section 15 have been raised in advance by the
presence of the substituent donating group 18 bonded to
20 the section 15 of the molecule 11. Such high voltage
level is analogous to a reverse breakdown voltage of
conventional semiconductor devices.
As shown in FPIG. 2C, the same amount of voltage is
applied in the reverse direction as is used in the
25 forward direction (FIG. 2B), and such is ingufficient
to allow electrons to tunnel from the contact 24 into
the LUMO emnergy level of molecule 11l. The different
forward and reverse-bias characteristics of molecule 11

define the classic behavior of a rectifying diocde.



anount of voltage that nust be applied is considerably greater than in the
forward-bias case, in order to 15 raise the Ferm energy of the contact
sufficiently to exceed the LUMO energy of the adjoining portion of the

nol ecul e 11. This is because all the energy |evels of the donor section 15
have been raised in advance by the presence of the substituent donating
group 18 bonded to 20 the section 15 of the nolecule 11. Such %k%Feﬁgbéage
| evel is analogous to a reverse breakdomm vol tage of conventiona

seni conduct or devices. As shown in FIG22C, the same anount of voltage is
applied in the reverse direction as is used in the 25 forward direction
(FIG 2B), and such is insufficient to allow electrons to tunnel fromthe
contact 24 into the LUMO energy |evel of nolecule 11. The different
forward and reverse-bias characteristics of nmolecule 11 define the classic

behavi or of a rectifying diode. une 20 6 23 T scri bed
rectifying diode, ThR ealkqee- qﬁﬁﬁﬁﬁa % ten 598%@ gxg?cgh i s useful

in ConStrUCt&QQoﬁQﬁLGQEhﬂémlﬂg'EuaableﬂSmeJmm.naﬁ heefempimyed in
nano-scal e digital circuits. However, such 5 nolecy %{ electronlc swi t chi ng
devi ces suffeF°PﬁEr§%E%F9rﬁﬁQieaHeﬂPEF%nﬁﬁncﬁWﬂ%f MR RBY BRI ity to provi de

power gain. '@mB!‘LQ?édtPnaxHHo‘i\é%aRQV\Bi P81, o B duinee- tﬁbmaﬁai- glgan ce i s
required, wherein a small voltage and?

5 molecular electronic sw;tchlng devices suffer the same
major deficiency, they lack the ability tc provide
power gain.

In order to achieve power gain, a three-terminal

device is required, wherein a small voltage and/or

10 current is applied to a control electrode to influence
the switching of a larger voltage and/or current
flowing between two other electrodes of the device. 1Im
particular, a molecular resonant tunneling transistor
can be formed by bonding a gate structure to that of a

15 molecular diode, either rectifying or resonant
tunneling, to form a new single molecule that functiomns
as an electrically operated switch and amplifier. An
example of such a device is illustrated in FIGS. 3A and
3C, depicting the §tructure of a melecular resonant

20 tunneling transistor 100 that is formed by the chemical
bonding of the molecular gate structure 102 to the
molecular structure 111. Taken alone, the molecular
structure 111 would define a rectifying diode, the
structure and operation of such having been previously

25 discussed. The molecular structure of transistor 100
is functionally an analog of the bulk semiconductor n-
channel enhancement mode transistor. Like the solid-
state electronic device, the molecular transistor 100

relies upon the strategic use of electron donating and



10 current is applied to a control electrode to influence the sw tching of
a |l arger voltage and/or current flow ng between two other el ectrodes of
the device. In particular, a nolecular resonant tunneling transistor can
be fornmed by bonding a gate structure to that of a 15 nol ecul ar di ode,
either rectifying or resonant tunneling, to forma new single nolecule
that functions as an electrically operated switch and a”plifi%Uun€9006
exanpl e of such a device is illustrated in FIGS. 3A and 3C, Jepic I ng the
structure of a nolecul ar resonant 20 tu%%eling transi stor 100 that is
formed by the chem cal bonding of the nolecular gate structure 102 to the
nol ecul ar structure 111. Taken al one, the nolecular structure 111 would
define a rectifying diode, the structure and operation of such having been
previously 25 di scussed. The nol ecul ar structure of transistor 100 is

functionally an anal og of the bulk sem conductor re- channgl enhancenent
node transi st GAeCEFRR Y+ﬁpéﬁﬁWﬁ?Q gtngLeIEEﬂ Qﬁﬁqg)dgyfgéfaihe nol ecul ar
transi stor 10QeophftsSthdbdditsstnat ggic1lLse MispRickaveay . domaésag and 16
June 2006 24 el ectron w thdraw n "hol e" ﬁroducin chem cal dopants, the

dopants 117 af@raaB chemigal SpesfFityrete 1iopantd c EaP*8ubstituents 117,

118, which ar %ovswﬁ{%mx&ahctm%dthe thetrested rdiecuokecube dd2, are 5
represented by X and i n accordance with the fundapentals of organic

chemi stry, a §§§§9§9:g'@é@ by g and ¥. In accordance with the
fundamentals of organic chemistry, a substituent X or

multiple substituents X (as previously discussed) is to
be understood as an electron donating group. Such a
group may include, for example:

10 -NH,, -OH, -OCH,, -CH,;, -CH,CH;, and the like. A dopant
substituent Y or multiple substituents thereof is to be

understood as an electron withdrawing {(or acceptor)

group. Examples of guch substituents include: -NO,, -
CN, -CHO,
15 ~COR’, and the like, where R’ is an aliphatic chain.

As will be seen in following paragraphs, the
molecular transistor retains the familiar three-
terminal source-drain-gate structure found in a solid-
state field-effect transistor. Further, the molecular

20 transistor 100 makes use of resonant switching effects,
which effects are well understood in the art,
Trangistor 100 utilizes the molecular structure of the
molecular rectifying diocde to form the source and drain
regions of the molecular transistor, To produce the

25 molecular resonant tunneling transistor from the
molecular rectifying diode “backbone” a third, “gate”
terminal is chemically bonded to the diode in order to
allow for the application of a small external bias

voltage that either counteracts or reinforces the



mul tiple substituents X (as previously discussed) is to be understood as
an el ectron donating group. Such a group may include, for exanple: 10
-NH21 -OH, -OCH31 -CH31 -CHZCH3, and the like. A dopant substituent Y or
mul tiple substituents thereof is to be understood as an el ectron

wi t hdrawi ng (or acceptor) group. Exanples of such substituents include:
-N®2, - CN, -CEQ, 15 -COR, and the like, where R is an alipt?gtme%qeé n.
As will be seen in follow ng paragraphs, the nolecular transisfjor retains
the familiar three- termnal source-dralf-gate structure found in a solid-
state field-effect transistor. Further, the nolecular 20 transistor 100
makes use of resonant switching effects, which effects are well understood
in the art. Transistor 100 utilizes the nol ecular structure of the

nol ecul ar rectifying diode to formthe source and drain regions of the

mol ecul ar transistor. To produce the 25 nol ecul ar. resonant tunneling
transistor frotffese ofpcbeulaFringis Mjindginfeaed "BadodePagtihird, "gate"
termnal is chemgaklyaeandgd 4 ordhifidin0de the OpsEArity, A W Hatet he

application of a small external bias voltage that either counteracts or
rei nforces th&iE® yor&ageosc P% digte @rrgndement nt d1antizest #01eA¥LREd by t he

dopant  subst i&é@%?ﬁie@ﬁl@ {Hneid Qbfioet BRAPOLET 4410 rdfi®ndabe  Di as
vol tage. By that rangenment, quanti zed nol ecul ar
5 the structure can be brought into or out of resonance

in a controlled manner, and the current passing from
the source to the drain can be switched on or off.
Further, as the current flowing through the gate
structure is substantially less than that which flows
10 between the source and drain, power gain is realized.
Transistor 100 includes an electron source contact
124 which is coupled to the molecular structure 111
through a substituent group ® which chemically binds
with the material of the contact 124 to improve the
15 connection between the contact and a distal end of the
conducting wire 112, a distal ring 113 of the section
115. Likewise, the electron drain contact 123 is
coupled to the opposing distal ring 113 of the
conducting wire 112 through the substituent group ®.
20 As an example, if the contacts 123 and 124 are formed
of gold, the substituent group @ may be formed by a
sulfur atom. Much as described for the rectifying
diode, the two sections 114 and 115 of the conducting
wire 112 are defined by the insulating group 116 which
25 separates those sections. Here again, although it is
shown that each section is respectively doped to induce
an intrinsic bias, the energy differential across the
insulator 116 alsc may be produced utilizing only a

single dopant 117, 11i8. Either the X donating group




energy levels in the source and the drain regions of 5 the structure can be
brought into or out of resonance in a controlled manner, and the current
passing from the source to the drain can be switched on or off. Further,
as the current flowing through the gate structure is substantially |ess
than that which flows 10 between the source and drain, power gain is
realized. Transistor 100 includes an el ectron source contact %Eﬁeﬁﬁb&h |s
coupled to the nol ecular structure 111 through a substituent group W whi ¢
chemically binds with the material of *he contact 124 to inprove the 15
connecti on between the contact and a distal end of the conducting wire
112, a distal ring 113 of the section 115. Likew se, the electron drain
contact 123 is coupled to the opposing distal ring 113 of the conducting
wire 112 through the substituent group t). 20 As an exanple, if the
contacts 123 and 124 are fornmed of gold, the substituent group w may be
forned by a <@PRBE arobre MicreePtdagcerode dgranttheopde: PRying di ode, the

two sections %L%faege%F’ Oft theaendyehi DY uid e cbbd ahgedehined by the
insul ating group 116 25 separates those sections. Here again,

al though it i é’rhesﬂemntﬂa%l'baclﬁhss@@?l shovs aedindag berdedoped®to i nduce an
intrinsic b'a?FFFQStEUQr ﬁhé“JJfHE%ﬂEbailﬁciﬁﬁéa d%%lg'ﬁéﬂhé&ﬂé ddd al so may

be produced u zi ng on si ngl e dopant Eit her the X donating
group 36 Junei2g0daRér 116, the substituents may be affixed to other

parts of the molecule, such as rings that are spaced
one or more rings away from the insulator 116.
Additionally, the dopant substituents may be chemically
bonded to the molecular gate structure to condition it
10 relative to the source-drain channel, or the dopant
substituents may be substituted on the insulating
barrier groups to condition them relative to the
conductive source, drain and gate. In the molecular
transistor 100, the gate structure 102 includes a gate
15 insulator 104 identified by R’ which is shown to be
chemically bonded to the X dopant group 118. As will
be discussed in following paragraphs, the gate
insulator 104 may be bonded to other portions of the
same ring 113 to which a dopant group is bonded, or the
20 gate insulator 104 may be bonded to a different ring
113 of the same section 115, 114. To the gate
insulator 104 there is chemically bonded a current
conducting complex 106, through which gate current
passeg and upon which gate charge may accumulate to
25 exert a field effect upon the source-drain component of
the molecule. The current- conducting gate complex is
coupled to a gate contact 108 through the conductivity
improving substituent group ®, which binds chemically

to the electrical contact material.



dopant or the Y accepting group dopant would be sufficient. It should also
be understood that while the dopants 117, 118 are shown as being bonded to
a respective ring structure 113 inmediately adjacent the 5 insulator 116,
the substituents nmay be affixed to other parts of the nolecule, such as
rings that are spaced one or nore rings away fromthe insulator 116.

Addi tionally, the dopant substituents nmay be chemcally bondquEﬁb%@@i
nol ecul ar gate structure to condition it 10 relative to the source-drain
channel, or the dopant substituents may’/be substituted on the insulating
barrier groups to condition themrelative to the conductive source, drain
and gate. In the nolecular transistor 100, the gate structure 102 i ncl udes
a gate 15 insulator 104 identified by R which is showmn to be chemcally
bonded to the X dopant group 118. As will be discussed in follow ng

par agr aphs, the gate insulator 104 may be bonded to qther portions of the
sane ring 113 to wﬁPcH“Qeﬂﬁbﬁﬁ@t&FbGEe¥§t58ﬂd% TN eFHET0 gat e i nsul at or

104 may be bondegstietadrdibbereids s iItg andl3pobné ey Al tSRell0y B35, 114, To
the gate insulator 104 there is chenicallg bonded a current __conducting
conpl ex 106, tAAfSFFRIWRPch FatEhR FaenPt Facde SHRFYIG® W EXCHat e charge

may accunul at gz QndS28Xethe avdi@ldt ShibeeksHR0hcide: SUY GRedianlsComponent
of the nolecule. The current- conducting gate conplex is coupled to a

gate c8ntact FIRleaPsdghot hermbnmrhicti2di epd 1abrivivRFiathdri PHERT group w,
whi ch bi nds Chﬁﬁﬁﬁﬁhkg a switching effect. In the case of molecular

transistor device 100 the source-to-drain voltage is
maintained constant, with the pctential applied to the
gate being varied to counteract or reinforce the

10 intrinsic bias that is induced by the dopant
substituents and thereby switch the source-drain
current. Thus, without a gate voltage being applied to
the terminal 108, of FIG. 3A, the energy levels in each
of sections 114 and 115 are depicted in FIG. 3B. Much

15 as in the diode structure, the insulator 116 forms a
barrier 120 in the energy diagram. As shown, in
addition to the central barrier 120, barriers 121 and
122 represent barriers between the molecular structure
111 and the respective conductive contacts 123 and 124,

20 respectively.

With an external voltage applied, as shown in FIG.
3B, the occupied quantum energy levels 127 are like
that of the reverse-bias molecular rectifying diode.
Due to the applied bias, the Fermi energy of the

25 contact 124 is raised and that of the contact 123 is
lowered. Under the reverse-bias condition, the
energieg of the pi-orbitals 125, 125’ of the donor
section 115 are greater than that of the corresponding

pPi-orbitals 126, 126’ of the acceptor gection 114, That



to the electrical contact material. 16 June 2006 27 To understand the
operation of nolecular transistor 100, FIGS. 3B and 3D should additionally
be referred to. In the case of diode structures in FIGS. 1A and 2A, the
voltage i npressed across the termnals 5 analogous to termnals 123 and 124
Is varied in order to induce a switching effect. In the case of nolecul ar
transi stor device 100 the source-to-drain voltage is naintaiqgguﬁggéééun,
with the potential applied to the gate being varied to counteract or
reinforce the 10 intrinsic bias that i3 nduced by the dopant substituents
and thereby swtch the source-drain current. Thus, wi thout a gate voltage
being applied to the termnal 108, of FIG 3A, the energy levels in each
of sections 114 and 115 are depicted in FIG 3B. Miuch 15 as in the diode
structure, the insulator 116 forns a barrier 120 in the energy diagram As
shown, in addition to the central barrier 120, baariers 121Ya 122
represent bar tfer 529 RRRRHF f¥ens| 8B uFRS ctare-*¥13*8nY T He" respecti ve

conducti ve copbaktsiddce aAthl 2he adfepBrspainpieky. wiith fm £xternal vol tage
applied, as shown in FIG 3B, the occupied uantunlenergg | evel s 127 are

like that of imRedimeRt ke Fihes APt ST eMs PRRYSaF bR *HFR 0 the
appl i ed bias, ghBeqFeidN c I . Of ubPeved, WNtiadlust24tbd iai®egk.and that of

the contact 123 is
5 3C and 3D, the application of a wvoltage to the gate
contact counteracts the intrinsic bias established by
the dopant substituents. By that action, the valence
pi-orbitals 125, 125’ and 126, 126’ are placed in
resonance to thereby allow electrons to flow from the
10 source contact to the drain contact. 2As it takes a
considerably smaller voltage at the gate than that
applied acroszs the source and drain, to influence the
donor effect of the dopant group 118, there is also a
considerably smaller current passed through the gate
15 than is switched between the source and drain contacts.
Thus, like a solid-state semiconductor transistor, the
molecular transistor 100 is capable of providing power
gain.,
Referring to FIGS. 4A-4D, there is shown the
20 molecular resonant tunneling tramsisgtor 100', which is
an analog of the n-channel depletion mode semiconductor
transistor. The transgistor 100’ includes a gate
structure 102 that iz chemically bonded to the acceptor
section 114 of the polyaromatic chain 112, The primary
25 structural difference between this depletion-mode
molecular transistor 100', as illustrated in FIG. 4, and
the enhancement-mode molecular transistor 100
illustrated in FIG. 3 is that the former has the gate

structure 102 bonded to the acceptor complex 114, while



| ower ed. Under the reverse-bias condition, the energies of the pi-orbitals
125, 125" of the donor section 115 are greater than that of the
corresponding pi-orbitals 126, 126" of the acceptor section 114. That 16
June 2006 28 is, the energy |levels on the donor conplex are out of

coi ncidence with the acceptor conplex, which is an inpedinent to the flow
of electrons between the source and drain contacts. Fbmever,1§%un 006
illustrated in FIGS. 5 3C and 3D, the %gglication of a voltage'to ?%e gate
contact counteracts the intrinsic bias tabli shed by the dopant
substituents. By that action, the valence pi-orbitals 125, 125 and 126,
126' are placed in resonance to thereby allow electrons to flow fromthe
10 source contact to the drain contact. As it takes a considerably smaller
voltage at the gate than that applied across the source and drain, to

i nfl uence the donor effect of the dopant grou 1&8, tgere I.s also a

consi derabl y §halleftey fashithsagaty & H@2gEPBRIeS FRHPS s swit ched
between the sgyhee adgbilainscontacts. Thus, like a solid-state

sem conductor transistor, the nolecular transistor 100 is capabl e of
provi di ng power gibe. 9Fet atrRgure HHInoAdes aphdpgui’tIhoWlitt he 20

ol ecul ar 1 eSQuaRLaLHENF ity NS SaDizotABa, bh Cindadlcan g@8apog of the

n- channel depl etion node sem conductor transistor. The transistor 100
i ncludes a gatbat is more insulating than the polyarcmatic chain

112. Some candidates for this role include aliphatic
groups such as sigma bonded methylene groups (-CH;-) or
dimethylene groups (-CH,CH,-), and longer chains
thereof. While the gate insulator 104 is shown in

10 FIGS. 4A and 4C as being bonded to the dopant group
117, it also may be bonded to other sites on the ring
113 to which the dopant group 117 is bonded or rings
adjacent thereto. A gate control voltage is applied to
the contact 108 and a current is conducted through the

15 current conducting complex 106, through the
conductivity improving substituent group @ which
chemically binds to the electrical contact 108. The
current conducting complex 106 is formed by a
polyaromatic conducting wire with sufficient length or

20 capacitance to permit charge to build up on it in order
to enhance the field effect upon the doncor-acceptor
complex. Thus, by using a mesh-like molecular
structure, such as the double-ringed naphthalenic group
shown, capacitance is increased, thereby reducing the

25 magnitude of the potential that 1s required to be
applied to the gate structure in order to effect

“agwitching” of the molecular electronic device.



structure 102 that is chemcally bonded to the acceptor section 114 of the
pol yaromatic chain 112. The primary 25 structural difference between this
depl etion-node nolecular transistor 100, as illustrated in FIG 4, and

t he enhancenent - node nol ecul ar transistor 100 illustrated in FIG 3 is
that the former has the gate structure 102 bonded to the acceptor conpl ex
114, while 16 June 2006 29 the latter has the gate structure 182, 835@9 to
the donor conplex 115. The gate structure 102 includes an insulator 104,
represented by R which is fornmed by a theni cal group 5 that is nore

i nsul ating than the polyaromatic chain 112. Sone candi dates for this role
I ncl ude aliphatic groups such as sigm bonded nethyl ene groups (-CH. -) or
di met hyl ene groups (-CH2CH2-), and longer chains thereof. Wiile the gate
insulator 104 is shown in 10 FIGS. 4A and 4C as being bonded to the dopant

group 117, it also may be bonded to other sites on_the ringP 113 to which
the dopant group 139 $ROBhRYedFbS: *RergY dingamemt FRGrefB: WQate control

voltage is appbheduifr ddeipnbactislRpradsacEUehspticies ariadyct ed through
the 15 current conducting conplex 106, through the conductivity inproving

substituent gREUBLECHIFEIticieAiléarPry Bihara o FESePraRr?i wadednt act 108.

The current eEROUCHI DG LUTRAn188aL5 B RRAHNLA thBOLYBL D¢ idn conduct i ng
wire with sufficient ITength or
5 of a voltage to the gate contact. With the appropriate

negative polarity applied to the gate contact 108, the
device switches off because the unoccupied energy
levels 126’ on the acceptor complex are forced out of
coincidence with those levels 125’ of the donor complex,

10 as illustrated in the energy diagram cf FIG. 4D. For
the case where the gate is uncharged, the transistor
acte just like a forward-bias rectifying diode.

The switching occurs because the application of a

small negative charge to the gate counteracts the

15 effect of the electron withdrawing dopant. The effect
of the externally applied gate bias is to raise the
energy of the unoccupied energy levels 125', 126’ in the
conduction band of the acceptor or source region,
forcing the energy levels there out of coincidence with

20 those of the donor or drain region of the device. The
nismatch between the unoccupied, conduction energy
levels 125’ and 126’ on the donor and acceptor
complexes, respectively prevents the occurrence of
electron tunneling from source to drain through the

25 central insulating barrier, thereby switching the
device cff. Like the device 100, the transistor 100’
utilizes a small current or voltage applied to the gate
structure 102 to control a much larger current or

voltage which flows through or is impressed across the



20 capacitance to permt charge to build up on it in order to enhance the
field effect upon the donor-acceptor conplex. Thus, by using a nesh-1like
nol ecul ar structure, such as the doubl e-ringed naphthal enic group shown,
capacitance is increased, thereby reducing the 25 magni tude of the
potential that is required to be applied to the gate structure in order to
effect "switching" of the nolecular electronic device. 16 Jqu égg@oép As
shown by the energy diagramof FIG 4B, the nvolecular device 8 I' S doped
such that the energy |levels of section¥*114 and 115 are in resonance under
a forward source-drain bias, but without the application 5 of a voltage to
the gate contact. Wth the appropriate negative polarity applied to the
gate contact 108, the device switches off because the unoccupi ed energy

| evel s 126" on the acceptor conplex are forced out of coincidence with

those levels 125’ of the donor conplex, 10 as_ illustrated. in the energy
di agram of FI raip apd,sourge sectigRar ellheafhitldd s dRchBr§e®¥t he

transistor aghy hpiet{df-mbdPmraedubbaScrocdiSedNa 08" oseninhite switching
occurs because the apfllcatlon of a small negative charge to the gate
-]

counteracts tPewes gfteet of the el ectron withdraw ng dopant. The effect

of the externally opliethddidh AFrks. tenlad Sarldie gacelial he
unoccupi ed energy levels 125", 126" in the conduction band of the acceptor
or soudce regisshematic representations of the molecular transistor

106, 100', illustrating some of the variations in the
chemical bonding of dopant substituent groups and that
of the gate structure 102. In FIG. 5A, the transistor
ig formed by combining the polyaromatic molecular

10 structure 11l with the gate molecular structure 102 to
form a new single molecule. The molecular structure
111 includes a plurality of sequentially coupled
substantially identical aromatic ring structures 113,
including any intermediate linkage groups, represented

15 by the symbol . As the rings 113 can be other than
benzene rings, such as c¢yclopentadiene, cyclopropene,
or combinations thereof, the symbol ¢ is utilized to
represent any ring molecular structures having
substantially aromatic character, as previocusly

20 discussed. In order to create the intrinsic bias
across the insulator 116, represented by the symbel R,
a dopant substituent group 117, 118, represented by the
symbol Z, is bonded to a ring 113 in proximity to the
insulator 116. O©On the section of the molecular

25 structure 111 on the other side of insulator 116, the
opposite dopant group 118, 117 represented by the
gymbol Z' is bonded to the ring 1ll3a. The dopant group
Z' has the oppogite character from that of Z; i.e., if Z

is a donor dopant group then Z' is an acceptor dopant



forcing the energy levels there out of coincidence with 20 those of the
donor or drain region of the device. The msmatch between the unoccupi ed,
conduction energy |levels 125" and 126' on the donor and acceptor

conpl exes, respectively prevents the occurrence of electron tunneling from
source to drain through the 25 central insulating barrier, thereby
swtching the device off. Like the device 100, the transistoq %99' 6
utilizes a small current or voltage applied to the gate struc?ure 58% to
control a nuch larger current or voltadé which flows through or is

| npressed across the 16 June 2006 31 drain and source sections, 115 and
114. In this way, the depletion-node nol ecular transistor 100" exhibits
power gain. Referring nowto FIGS. 5A-5D, there are shown 5 schenmatic
representations of the nolecular transistor 100, 100", illustrating sone
of the variations in the chem cal bonding of dqgant substituent groups and
that of the H®PstARdt Yige10er53n ERE ggﬁf BREE TR %S i s formed by

conbi ni ng t he JRQldwar @ERthe aBb&cH | Houll 75t FHEE UgLtd IdeMidturehe gate
nmol ecul ar structure 102 to forma neM/single mol ecul e. The pol ecul ar
structure 11Encigdegesnaiprulating wPwedlént eRFPSPRIGH A Eh8ubst anti al | y

| denti cal arorg%ib%&r BN G S HCIEGS cddB1ea | dCuidicne aBMalBEeigedi ate |inkage
groups, represented 15 by the synbol a. As the rings 113 can be other than
5 complex 106, represented by the symbol 3.

FIG. 5B illustrates a molecular transistor wherein
the gate structure 102 is not bonded directly to the
dopant substituent group 117, 118. The dopant
substituent group Z may be either an electron donor

10 group or an electron withdrawing group, bonded to the
ring 113 of one section of the molecular structure 111,
on one side of the insulateor 116. If a larger
disjunction AE,,, between the unoccupied energy levels
on either side of the insulator 116 is desired, an

15 electron donor group or electron withdrawing group Z' of
the opposite type from Z would be coupled to the ring
113a, like that illustrated in FIG. 5aA. In FIG. 5B,
the gate structure 102 is chemically bonded to a ring
113’, a ring that is adjacent to the ring 113, to which

20 the dopant group Z is bonded. The gate structure 102
includes a gate insulator 104, symbolized by R', plus a
current conducting complex 106, symbolized by (.

As a further variation, FIG. 5C illustrates the
gate structure 102 being joined directly to the same

25 ring 113 as the dopant group Z. As in the prior cases,
a dopant group of the type opposite from Z may be
bonded to the ring 1l1l3a in order to widen the energy
difference AE,,, across the insulating group R. The

dopant group Z may be either an electron withdrawing



benzene rings, such as cycl opentadi ene, cycl opropene, or conbinations
thereof, the synbol ais utilized to represent any ring nol ecul ar
structures having substantially aromatic character, as previously 20

di scussed. In order to create the intrinsic bias across the insulator 116,
represented by the synbol R a dopant substituent group 117, 118,
represented by the synbol Z, is bonded to a ring 113 in prOXI JbXe?ﬁOéhe

i nsul ator 116. On the section of the nolecular 25 structure 11

other side of insulator 116, the opposffe dopant group 118, 117
represented by the synbol Z' is bonded to the ring 113a. The dopant group
Z' has the opposite character fromthat of Z;, i.e., if Z is a donor dopant
group then Z' is an acceptor dopant 16 June 2006 32 group, and vice-versa.
The gate structure 102 is bonded to the dopant group Z. This gate
structure includes an insulating group 104 represente%_by the synbol R
to which is coRU@d1&7caFrante AR5 SEMWR Xl Brodateffesent ed by the

symbol P. Fl GpRell kdSbhat 85t d®@eUr-ahgt 18951 HAlaeshebeafothée gate
structure 102 is not bonded directly to t% dopant_ substituent group 117,

118. The doparﬂltes%sf:hﬁuéhﬁgg*J@uﬁ-SZ%leE“%?‘E%rl%‘f #hdehr 8h%Qonor 10

group or an elertianal LhJLA Atk UilBonkeREedy Surighex 0By 113 of one
section of the | ecul ar structure 111, on one S| e of the insulator 116.
If a larger In yet another varlatlon, shown in FIG 5D, the

molecular structure 111 illustrates the case where the
gate structure 102 is bonded to a ring that is not
adjacent to the ring to which a respective dopant is
bonded. The dopant Z, which may be an electron

10 withdrawing group 117 or an electron donor group 118,
is bonded to the ring 113 in one section defined by the
insulator group 116, As in the other cases, an
opposite type of dopant 118, 117 may be bonded to the
ring 1l13a in order to increase the energy difference

15 ABym between the unoccupied energy levels on either
side of the insulator group R. The gate structure 102
ig bonded to a ring 113" in the same section as ring
113 to which the dopant group is bonded. However, ring
113’ is displaced from ring 113 by more than one ring

20 position (the single ring position displacement case
was shown in FIG. 5B).

Another alternative is shown in FIG. 6, wherein
multiple dopant groups are utilized on one side of the
central insulator R and the gate structure 102 is

25 joined to the ring 113, a ring which is deveoid of
coupling to a dopant group. In this case, the
polyaromatic molecular conducting wire 112 is divided
into two sections 114 and 115 by the insulator group
116, represented by the symbol R. The acceptor section

30 114 includes a ring 1l3c¢ adjacent the insulator 116 and



di sjuncti on AELOxo between the unoccupied energy levels on either

t he i nsul at or

116 is desired, an 15 el ectron donor group or electr

si de of
on

wi t hdrawi ng group Z' of the opposite type fromZ would be coupled to the
ring 113a, like that illustrated in FIG SA. In FIG 5B, the gat

structure 102

structure 102

e

Is chemcally bonded to aring 113", a ring that is adjacent
to the ring 113, to which 20 the dopant group Z is bonded. Thgsgg

i ncludes a gate insulator 104, synbolized by R, pb

& 2006
us a

current conducting conplex 106, synboli2®d by P. As a further variation,
FIG SCillustrates the gate structure 102 being joined directly

sane 25 ring

113 as the dopant group Z. As in the prior cases, a

group of the type opposite fromZ nay be bonded to the ring 113a
to widen the energy difference ~ELCnp across the insulating group R The
dopant group Z may be either_an el ectron withdrawi ng 16 June_ 2006
117 or an el eder ghigbnde Berdrs F1§,1rﬁﬁaF°F§Pt%rﬂﬂ?@. SEREPsT 8- of
113. Bonded tQ..20QLBRLedSHY et daBoii 29 1dSsddodd@dcrpitbat abpdRd,

also is bonded'to the’current conducting co
variation, sh@meuwpnlffG Bhresgetedprecifiear

case where theq 0ahengt LUGL U £1d02 The BoRderhio £ oikhitol snot

adj acent to the'ring

a respective dopant is bonded. The

whi ch Pay be a@ixadhecopbact 123 through the conductivity improving

10

15

20

25

constituent group @w. Section 115, on the other hand,
is shown with a first electron donor group 118,
represented by the symbol X, bonded to the ring 113b
and a second electron donor group 118', represented by
the symbol X', alsoc bonded to the same ring 113b.
Disposed between the ring 13b and the insulator 116 is
the ring 113 to which the gate structure 102 is joined.
As in the section 114, the two electron donor groups
118 and 118’ alternately may be joined to each of the
two different rings 113 and 113b. Conversely, the two
electron withdrawing groups 117 and 117’ may be joined
to a single ring 113c, 113d. By virtue of these
variations in location and number of dopant groups,
precise control of the energy difference AEy,, across
the insulator 116 can be achieved. The gate structure
102 includes the dimethylene group 104 as a gate
insulator and the polyaromatic conducting wire 106 as
the current conducting complex, that 1s Jjoined to the
dimethylene group and the gate contact 108 through the
substituent w. As an example, the polyaromatic
conducting wire 106 is shown as a naphthalenic group,
the double-ringed structure of which provides an
increased capacitance over that of a single-ring

structure.

to the
dopant
i n order

33 group
the ring
whi ch

l ex _106. 5 In _yet another
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10 wi t hdrawi n

ring 113 in one section defined by the

ot her cases,
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di spl acenent
FIG 6, where
central insul

the polyaromatic nolecular conducting wire 112 is divided into two

g group 117 or an el ectron donor group 118, is bonded to the

I nsul ator group 116. As in the

an opposite type of dopant 118, 117 may be bonded to the
ring 113a in order to increase the energy difference 15 AELvxobetween the
ergy levels on either side of the insulator group R The gate

Is bonded to a ring 113" in the sane section aqeuh

ant group is bonded. However, ring 113" is displaceﬁgF
ring 113 by nore than one ring 20 posit?®n (the single ring position

0&;3 to

rom

case was shown in FIG 5B). Another alternative is shown in
in nmultiple dopant groups are utilized on one side of the
ator R and the gate structure 102 is 25 joined to the ring
113, a ring which is devoid of coupling to a dopant group. In this case,

sections 114 and 1TBepgonerply efulcaeating od o kersilare 5ra8sheEar it he synbol

R The accept
116 and 16 Ju

ne
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e
groups 117, 118 and the gate structure 102 to a

molecular resonant tunneling diode 202, a molecular
resonant tunneling transistor 200 can thus be formed,
shown in FIG. 7A.

The conventional structure of the molecular resonant
tunneling dicde 202 (as is also shown in FIG. 1A),
acceptor dopant groups 117 are joined to respective
rings 210b and 210c¢, of the respective sections 232 and
234, which are located on opposite sides of the ring
235 that constitutes the ™igsland” of the resomnant
tunneling dicde. As is conventional, the island ring
235 is separated

from the section 232 by an insulating group 236 that
acts as a barrier through which electrons must tunnel
for conduction to occur. The igland 235 is joined to
the section 234 through another insulator group 238
which acts as a second barrier through which electrons
must tunnel for conduction to occur. To the island
ring 235 a donor dopant group 118 is joined so that an
intrinsic bias will be formed across both barrier
groups 236 and 238, which intrinsic bias can then be
influenced by an external potential applied to the gate
structure 102. The gate structure 102 includes an
inaulating group 104 that is joined to the electron

donor dopant group 118. The current conducting complex

%8&F§u?%gn§éc%%ﬁgﬁ%gpgﬂgﬂgsE0 e1afl ARG’ bRYadgagk The ring

contact 123 through the conductivity



constituent group oj. Section 115, on the other hand, is shown with a
first electron donor group 118, represented by the synbol X, bonded to the
ring 113b and a second el ectron donor group 118", represented by 10 the
synbol X , also bonded to the sane ring 113b. Disposed between the ring
13b and the insulator 116 is the ring 113 to which the gate structure 102
is joined. As in the section 114, the two el ectron donor groygs)dg§g@nd
118" alternately may be joined to each of the 15 two different rings %13
and 113b. Conversely, the two electron®®ithdrawi ng groups 117 and 117" may
be joined to a single ring 113c, 113d. By virtue of these variations in

| ocati on and nunber of dopant groups, precise control of the energy

di fference AELanp across 20 the insulator 116 can be achi eved. The gate
structure 102 includes the dinethylene group 104 as a gate insulator and
the pol yaromatic conducting wire 106 as the current conducting conpl ex,
that is joi ned%oishornedelnyd ardygreuptindcerdqfdve 5AaErre08 t hr ough

the 25 substitygnt (£ay Af 2MVRMLE bRGuPRl YRR | haviagduchikag Wire 106
is shown as a naphthalenic group, the double-rln%gﬁ structure of which

provides an ismoresbedringaci i cadovdEbt haRbvious lsinglregrrnghases uct ur e,
16 June 2006 33 RUEnE@NGEPL-QfaticP3ihld 8- M RGHUAL Hiadeates by the

addition of a gate structure to a péd nol ecul ar
5 having substantially aromatic character can be used to

form the current conducting complex 106. The distal
end of the current conducting complex is jeined to a
gate electrode 108 through the substituent group w. By
this arrangement, conduction between the electrodes 230
10 and 240 can be influenced by the application of a
potential of predetermined polarity to the gate
electrode 108. 8Specifically, a positive voltage
applied to the gate electrode 108 will tend to
counteract the effect of the dopant X, 118, bonded to
15 the island 235. Thereby the positive gate voltage
tends to lower the unoccupied conduction energy levels
of the island and bring them more nearly into
coincidence with the corresponding uncccupied
conduction energy levels on the regioms 232 and 234 to
20 the left and right. A sufficient positive veoltage
applied to the gate will bring these three sets of
energy levels on 235, 232, and 234 into coincidence,
switching the molecular transistor omn. This gate
voltage still is significantly smaller, though, than
25 the voltage that may be applied to drive a current from
the source to the drain electrodes. Thus, power gain
is achievable in this device.
FIG. 7B illustrates an altermnative structure to

that shown in FIG. 7a. The variation in FIG. 7B



diode is not limted in its applicability to only nolecular rectifying

di odes. By the addition of dopant 5 groups 117, 118 and the gate structure
102 to a nolecular resonant tunneling diode 202, a nol ecular resonant
tunneling transistor 200 can thus be fornmed, shown in FIG 7A The
conventional structure of the nolecular resonant 10 tunneling di ode 202
(as is also shown in FIG 1A), acceptor dopant groups 117 arg Lﬂh§§g %o
respective rings 210b and 210c, of the_respective sections 2 9 an % 4,
whi ch are | ocated on opposite sides of £he ring 235 that constitutes the
"island" of the resonant 15 tunneling diode. As is conventional, the island
ring 235 is separated fromthe section 232 by an insulating group 236 that
acts as a barrier through which el ectrons nmust tunnel for conduction to
occur. The island 235 is joined to 20 the section 234 through anot her

I nsul ator group, 238 which acts.as_a second, barrjer_thraqu which el ectrons
must tunnel fo‘%%%ﬁﬁﬂﬁtirifﬁt’ﬁﬁag%tﬁ@%g e“‘f‘sFﬁ#ﬁd 72}i‘:ﬁ'§"1g9’§‘ z‘ihagnor dopant
group 118 is jghead w0 dfhdbpant drdug s Gnbeashihded her faiomdsacr oss both

barrier 25 groups 236 and 238, which intrinsic bias _can_then be influenced
by an ext er nal tHsteRASHELIGPH| TRE-S AWID g Graure 358 thAeh2. The gate

structure 102 dmGlitdAdyaRe tRSUbBhHidIG1r@N OURLAR4is Natn isrd.Oi7Rednt 0 the
el ectron donor_ dopant group 118. The current conducting conplex 16 June
2006 3 electron withdrawing dopant 117 is bonded to the island
ring and to the gate ingulator, whereas an electron
donating type of dopant 118 is bonded in the
corresponding position in FIG. 7A. Likewise, the
electron donating dopants 118 on the polyaromatic
10 conducting wires to the left and right of the island in
FIG, 7B are of the opposite type from the dopant
substituents 117 that appear in the corresponding
position in FIG. 7A.
Switching the types of all the deopant groups to
15 produce the rescnant tunneling transistor structure in
FIG. 7B from that in FIG, 7A also means that,
operationally, a voltage of the opposite polarity must
be applied to the gate electrode 108 in 7B to switch
the device on. That is, one must apply a small
20 negative voltage to the gate electrode in FIG. 7B to
counteract the effect of the doping and to bring into
coincidence all the conduction energy levels on the
three parts of the molecule 232, 235, 234, thereby
allowing current to flow from the source to the drain.
25 As in FIG. 7A, the current conducting complex may be
formed by a multiple ring structure having an aromatic
character, such as that of a polyaromatic conducting
wire.

Having constructed a resonant tunneling transistor



36 106 is fornmed by a polyaromatic conductive structure like that of a
nol ecul ar conducting wire, having linked aromatic rings 213a and 213b.
Qovi ously, longer chains or neshes of aromatic rings or nol ecul ar
structures 5 having substantially aromatic character can.be used to form
the current conducting conplex 106. The distal end of the current
conducting conplex is joined to a gate electrode 108 through ghene 2008
substituent group Co. By this arrangenent, conduction between the

el ectrodes 230 10 and 240 can be infl uehed by the application of a
potential of predetermned polarity to the gate electrode 108.
Specifically, a positive voltage applied to the gate el ectrode 108 w |
tend to counteract the effect of the dopant X, 118, bonded to 15 the

i sl and 235. Thereby the positive gate voltage tends to |ower the

unoccupi ed conduction energy levels of the island and brin hem nor e
nearly into c&8i kBRJERER Qéaﬁl%HHQIEOFPiﬁféhﬁﬁ Hd‘&ﬁo&ﬁﬁb?@ﬁsgegﬁdﬂ%tion
energy |evel s fapchbe w61 HPI2Y’ mNdcdBd t® Zhidhie ekt and right. A

sufficient positive voltage ap%%%ed to the gate wl| bringﬁthese t hree
sets of ener §pRrEdenalily 2E a 397 gahg- 234 (FRB™C dPnERGACRE™ALEG t chi ng

the nol ecul ar jlr eREL SER] By al YeheddlCoadd) 1AGE MY lfunkctishonsficantly
smal l er, though, than 25 the voltage that may be applied to drive a current

from 2he soureadidytpehinvact by cerpdims. 2 HRALsYEWS04ghrEvesR e evabl e

in this deviC@ource 306 of transistor 302 and the output terminal C.
In addition to being coupled to one end of the resistor
304, the source 306 is coupled to a power sgource of
positive polarity. The drain 308 is coupled to the
10 negative polarity side of the power supply which may be
a ground reference potential. The input terminal A is
coupled to the gate 304 of transistor 302. As is well
known, such a circuit arrangement provides an output
signal at terminal C that is the inverse of the input
15 signal applied to terminal A, operating as a classical
inverter,
The diagram shown in FIG. 8B represents a single
molecule that performs the inverter function and is a
molecular electronic implementation of the general
20 circuit shown in FIG. 8A. To the polyarcmatic
conducting wire molecular structure 312, an insulating
group R, 316, is inserted and at least one dopant group
Z, 117, 118, ig bonded to the ring 313a. 'The gate
structure 102 includes a gate insulator group R, 104, a
25 current conducting complex [, 106 is bonded to the
insulator group 104, and one or more aromatic rings
310. The complex 106 may differ from the rings 310 in
that the rings thereof are joined in such a manner to

increase their capacitive effect. The equivalent of
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variation in FIG 7B 16 June 2006 37 differs structurally fromthat
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Referring now to FIG. 8C, there is shown an

exemplary molecular structure for a polyphenylene-based
molecular electronic NOT gate or inverter 300. The
backbone molecular diode structure 311l is formed by a
molecular conducting wire 312 into which the insulator
group 316 is substituted, thereby defining two sections
324 and 326. At least one of an electron donor dopant
ils or an electron accepting dopant 117 is jolned to
the section 326 as the dopant Z, the dopant Z being
chemically bonded to the ring 313a of the polyaromatic
structure. As discussed previously, an opposite type
of dopant 118, 117 may be joined to the rings 313, 313’
of the section 324 in order to increase the difference
in energy AE.n. between the conduction bands on either
side of the insulator 316. In this example, the gate
structure 102 is joined to the dopant group Z to form a
transistor structure. The gate structure 102 includes
a gate insulator group 102 formed by a dimethylene
group, and a current conducting complex 106 formed by
the double-ringed naphthalenic group which molecular
structure also can retain some charge to enhance the
field effect for switching the transistor. The current
conducting complex 106 may be Joined through triply
bonded ethynylene linkages 319 to one or more further

aromatic rings, such that the entire gate structure 102



25 As in FIG 7A, the current conducting conplex may be forned by a
multiple ring structure having an aromatic character, such as that of a
pol yaromatic conducting wre. Having constructed a resonant tunneling
transistor 16 June 2006 38 in the formof a single nmolecule, it is now
possible to further nodify that nolecule to achieve the functionality of
a NOT gate. As shown in the schematic in FIG 8A for a genquJuﬁgggoethe
NOT function is 5 readily achieved by coupling a resistor 304 between the
source 306 of transistor 302 and the outbut terminal C. In addition to
bei ng coupled to one end of the resistor 304, the source 306 is coupled to
a power source of positive polarity. The drain 308 is coupled to the 10
negative polarity side of the power supply which may be a ground reference
potential. The input terminal Ais coupled to the gate 304 of transistor
302. As is well known, such a circuit arrangenent provides an out put

si gnal at termsnﬁpuEﬂ?ﬁaF°|%F§tﬂ?ﬂ“ﬁv§F§€1ﬁ$1%%éﬂFﬁE@P £8%si gnal applied to

termnal A OI%%%E&E%&E @ chasHGals tonvget Rire i dmamam shown in FIG
8B represents a single nolecule that perforns the inverter function and is

a nolecul ar ehweirahi eonrkdtterihdtiichnasf exkrrnhaicditaggs dfrcuit shown in

Fl G | 8{* To the RoLyar ofRt {fe HRAUCELBIYLELEID S GHRL Shbwat uge 312, an
i nsul ati ng

5 HS, a thiol group. In practice when this group binds
to a metallic gold contact, the hydrogen atom is
displaced, leaving only the 8 atom between the organic
molecule and the metal contact. The resistor 304 of
the circuit shown in FIG. 8A is formed by a methylene

10 insulator group 318 which i@ joined to a ring 313’ of
the section 324. A molecular conducting wire formed by
a plurality of polyaromatic rings 320 with ethynylene
linkages 319 therebetween provide the conductive
coupling between the insulating group 318 and the

15 output terminal C. The polyaromatic ring structure is
coupled to the output terminal by the thiol substituent
®, which substituent binds to such contact materials as
gold, as noted above. The value of the resistor formed
by the insulating group 318 can be adjusted by

20 utilizing a variety of groups having lower conductivity
than that of the polyaromatic molecular structure, and
by interposing such multiple insulator groups into a
molecular conducting wire, using conventional organic
chemistry technigques, such as substitution or

25 technologies such as mechénosynthesis and
chemosynthesis. The respective opposite ends of the
diode molecular backbone structure 311 are coupled to
power supply terminals of cpposite polarities V+ and V-
, in order to provide the desired bias between the

30 source and drain regicna.



group R, 316, is inserted and at | east one dopant group Z, 117, 118, is
bonded to the ring 313a. The gate structure 102 includes a gate insulator
group R, 104, a 25 current conducting conplex (3, 106 is bonded to the

i nsul ator group 104, and one or nore aromatic rings 310. The conpl ex 106
may differ fromthe rings 310 in that the rings thereof are joined in such
a manner to increase their capacitive effect. The equival ent 4@f; 18 23bHe
2006 39 the resistor 304 in the FIG 8A is provided by the insulator group
R', 318 bonded between a ring 313" and 4! nol ecul ar conducting wire fornmed
by linked aromatic rings 320. 5 Referring nowto FIG SC, there is shown
an exenplary nolecular structure for a pol yphenyl ene-based nol ecul ar

el ectronic NOT gate or inverter 300. The backbone nol ecul ar di ode
structure 311 is forned by a nolecular conducting wire 312 into which the
I nsul ator 10 group 316 is substituted, thereby ﬂefinin% two sections 324
and 326. At |east ARethBeranlideratiye BeRsFulRhiiplerestation EPEctron

accepting dopaife 1l¢ekBelOknGeh 11 Frle sﬁcié%sﬁ?e@ee&eahsydenant Z, the
dopant Z being chemcally bonded to the ring 313a of the polyaromatic 15

structure. As sirsetvsedshpreyi budiiE. 4A opPesiiwventssr 360" dopddzepls, 117
may be j oi ned (ﬂt 5 ReuALPOSr 23 5 t3h3 st Akt hPe SO 1A L32AokA Qhder to

i ncrease the erence 1 n energy AELVno between the conduction bands on
ei ther5 FIG. 5B, wherein the dopant Z, which may be either an

electron withdrawing group 117 or an electron donating
group 118, is joined to the ring 313a and the gate
structure 102 is joined to a different, but adjacent
ring 313b. In addition to the gate insulator 104 and

10 current conducting complex 106, the gate structure 102
may include additional aromatic rings 310 to provide a
conductive path to the terminal that provides the input
A. To that molecular transistor structure a resistor
defined by the insulating group 318 and having the

15 symbol R’ is joined to an aromatic ring 313’ of the
section of the molecular structure 312 that is not a
part of the gate structure 102. The insulator group
318, which functions as a resistor, is coupled to one
or more aromatic rings 320 in order to provide a

20 conductive coupling with a terminal that represents the
output C,.

An exemplary molecular structure corresponding to

FIG. %A is shown in FIG. 9B. Therein the polyaromatic
structure is formed by benzene rings with ethymnylene

25 linkages, and the gate structure 102 is coupled to the
ring 313b while the dopant Z is joined to the ring
313a. A dimethylene group 104 forms the gate imsulator
and the naphthalenic group forms the current conducting

complex 106 that is further joined to one or more



side of the insulator 316. In this exanple, the gate 20 structure 102 is
joined to the dopant group Z to forma transistor structure. The gate
structure 102 includes a gate insulator group 102 forned by a dinethyl ene
group, and a current conducting conplex 106 forned by the double-ringed
napht hal eni ¢ group "whi ch nol ecul ar 25 structure al so can retain sone charge
to enhance the field effect for switching the transistor. ThegCHiLeRhs
conducting conplex 106 nay be joined through triply bonded ethynylene

| i nkages 319 to one or nore further arﬁ%atic rings, such that the entire
gate structure 102 16 June 2006 40 is coupled to the input termnal A
through the substituent Wthat binds to the material of the physical
contact to which an external voltage is applied. In the Figure the
specific w group shown is 5 HS, a thiol group. In practice when this group

binds to a nmetagllic I d tact, the hyd t ' i_spl d, | [
oty the s at GRAICEEREN PRECTIAHAES FoFLCOrEail The rIreboRtect  The

resi stor 304 @hichhenei t6uUbl SIBMIthienk! Gas 8dn i sfffiarired byha getayl ene 10
i nsul ator group 318 which is joined to a ring 313" of 3t e section 324. A
mol ecul ar conGPRERRE Ghre Eormdasy 1nRus) & &P i 82 F9% Pt dronfic rings 320

with ethynyl eRg;chi Bkagssadd % thaighehue eRsRI HvdF ayddup @ardetkive coupling
bet ween the insulating group 318 and the 15 output_term nal C. The
pol yar®nmatic ﬁuwgtéppgcggré yepgistor, impeding the flow of electrons

through the plurality of aromatic rings 20 to the
output C.
From the preceding examples, depicted in FIGS. 8

and 9, it should be clear that any of the alternative

10 molecular transistor structures previously discussed in
association with FIGS. 3-7 can be utilized to form a
monomolecular NOT gate, a circuit which functions as an
inverter, and which is in the form of a single
molecule.

15 The joining of multiple molecules to form a larger
molecule, to which the subgtitution and the chemical
binding of further substituent groups is made to form a
still larger molecule involves procedures that are well
known in the organic chemistry and nanofabrication

20 arts. Utilizing such techniques, a molecular diode,
either rectifying or resonant tunneling, is modified by
the addition of a gate structure to form a larger
molecule. This converts the diode switch to a
molecular transistor, a switech, which exhibits power

25 gain. The molecular transistor thus produced may then
be modified further by adding molecular groups that
function as a resistive circuit element to form an
inverter function, the function of a logical NOT gate.

Additionally, by combination of this elementary

30 molecular NOT gate circuit with molecular circuits that




coupled to the output termnal by the thiol substituent W which
substituent binds to such contact nmaterials as gold, as noted above. The
val ue of the resistor formed by the insulating group 318 can be adjusted
by 20 utilizing a variety of groups having |lower conductivity than that of
t he pol yaromatic nol ecul ar structure, and by interposing such nultiple

I nsul ator groups into a nolecular conducting wire, using conyy q}ioqg@s
organic chem stry techni ques, such as substitution or 25 techno 88 such
as mechanosynt hesis and chenpsynt hesi s¢3 The respective opposite ends of
the diode nol ecul ar backbone structure 311 are coupled to power supply
termnals of opposite polarities V+ and V- , in order to provide the
desired bias between the 30 source and drain regions. 16 June 2006 41

Anot her alternative nolecular inplenmentation for the inverter shown in
FIG BA is represented by the structure shown in FIG 9A The inverter
300" utili zespeafﬁﬁmeemﬁ% ethakidegenseryictede |FURetiRRe {Rofn'in 5 FIG

5B, wherein t RARJOBANt ada XEWICH SRV RBErel 885180 mdlekaiaen Wi t hdrawi ng
group 117 or an electron donating group 118, is {oined to the ring 313a

and the gate =3eebEzenie l1oziq fynstieaste=a %of fH d-bufbg8facent  ring
313b. I'n addi ti,gn.t e.L0e; gl %M%%%ﬂén&@& nydséiqlcqrarr%a& gongueti ng

conpl ex 106, the gate structure may i ncl'ude additional aromatic rings

310 tdSprovidgpéecules. In this way, it is possible to construct a
gsingle molecule that exhibits a complex Boolean
function. Examples of such Boolean functions may be
that of a NAND gate, an XNOR gate, and a HALF-ADDER,
and any combination thereof.

10 Referring to FIG. 10A, there is shown a general
schematic circuit diagram representing a NAND gate 400
with binary input sigmals A and B and the binary output
signal for the logical result output at C. The inputs
A and B are supplied to a diode-diode AND logic gate

15 410. The output of that AND gate is further coupled to
an inverter 420 to provide the NOT function that
produces the NAND output. In the process, the NOT
function also provides gain or amplification for the
output result. The AND gate 410 is formed by two

20 rectifying diodes 412 and 414, and a resistor 416. The
inverter 420 includes a transistor 422 for which the
gate lead is coupled to the ocutput of the AND logic
gate. Then, the source cf trangistor 422 provides the
inverted output through resistor 424.

25 An exemplary molecular structure that performs the
NAND function is shown in FIG. 10B, The NAND gate 400
is shown to be formed by the molecular dlodes 412 and
414 having their anode ends joined together to which a
resistor formed by an ingulator group 416 is coupled,

30 with an opposite end of that resistor being coupled to



conductive path to the termnal that provides the input A To that

nol ecul ar transistor structure a resistor defined by the insulating group
318 and having the 15 synbol R' is joined to an aromatic ring 313" of the
section of the nolecular structure 312 that is not a part of the gate
structure 102. The insulator group 318, which functions as a resistor, is
coupled to one or nore aronmatic rings 320 in order to providegd 205008
conductive coupling with a term nal that represents the output o) &
exenpl ary nol ecul ar structure corresponﬁ?ng to FIG 9A is shown in FIG
9B. Therein the polyaromatic structure is forned by benzene rings with

et hynyl ene 25 |inkages, and the gate structure 102 is coupled to the ring
313b while the dopant Z is joined to the ring 313a. A dinethylene group
104 fornms the gate insulator and the naphthal enic group forms the current

conducting conplex 106 that_is further é oi ned to one %g nnéﬁ 16 June 2006
42 addltlonalt@@n?@ﬁét?Yﬁg%°¥?ﬁ19¥bBBWFﬁg dFmuter £8f 2QAfch the thi ol

substituent hggiaingf thai tvo diti@aue2 &0AtANL iduHupledstbhensnput A to
the ring 313", to which is bonded a nethyl ene insul ator roug 318 that 5
functions as ATRBELEESF, 42%mddinGreneirtol kAvidied FoHT e APOLTR t he

plurality of aLouRkiLR Eh@gﬁns’%ﬁé&rt Beoup Ui MItadsidel=0® -B81iBESSLdI NG
exanpl es, depicted in FIGS
5 impeding electron flow to the output C¢. Utilizing a
polyphenylene conducting wire with appropriate doping
and insulator groups, a single molecule isg produced
that performs the specified Boolean function, that of a
NAND gate, and the molecule also yields power gain,

10 The power gain enables the logic gate 400 te support
what is known as *fan out” in subsequent lecgic steps,
the ability to drive multiple leogic circuits from the
output C of the NAND gate.

In FIG. 11A, there is shown a general schematic

15 circuit diagram representing an XNOR gate 500 with
binary input signals A and B and the binary output
signal for the logical result output at C. The inputs
A and B are supplied to a diode-diode XOR logic gate
510. The output of that XOR gate is further coupled to

20 the inverter 420 to provide the NOT function that
producesjthe XNOR output. Asg in the case of the NAND
gate, the NOT function also provides gain or
amplification for the output result. The XOR gate 510
is formed by two rectifying diodes 512 and 514 bhaving

25 their cathodes joined together through respective
resistances R,. The node connecting the two resistances
R, 18 coupled to a regsonant tummeling dicde 516 on one
end thereof, the opposite end of the diocde being

coupled to a load resistance 518, and that end of the



and 9, it should be clear that any of the alternative 10 nol ecul ar

transi stor structures previously discussed in association wwth FIGS. 3-7
can be utilized to forma nononol ecular NOT gate, a circuit which
functions as an inverter, and which is in the formof a single nolecule.
15 The joining of nultiple nolecules to forma larger nolecule, to which
the substitution and the chem cal binding of further SUbStituﬁﬂhng@??S S
made to forma still larger nolecule involves procedures that are we

known in the organic chem stry and nanofabrication 20 arts. Utilizing such
techni ques, a nol ecul ar diode, either rectifying or resonant tunneling, is
nodi fied by the addition of a gate structure to forma larger nolecule.
This converts the diode switch to a nolecular transistor, a switch, which
exhi bits power 25 gain. The nol ecul ar transistor thus produced may then be
modi fied further by adding nolecular groups that function as a resistive
circuit el emediofs pdFEM BFOVidRfeAtePuFBREt PHthe FOK gRtE-onTB® a | ogi cal

NOT gate. Addiohit%ual leYomPYR & OB NRGLNgRE 4N G & Rpaany £30ch®! ecul ar NOT
gate circuit with nolecular circuits tﬁat 16 June 2006 43 perform stil

ot her el enent fiafre| dghd elintrasistor. §22. ARG TRIsAT ABR) ofe¥® nore _
conpl ex mol ecyl 3k, 8L-eebh Ol 1eithel UBELLONSE GAIL ReaRLIdUELdeo These | ogic
functions are |onenented y still larger single
5 the output C.
Turning now to FIG. 11B, there is shown an
exemplary molecular structure that performs the XNOR

function. The

10 XNOR gate 500 is shown to be formed by the molecular
XOR gate 510, which logic gate includes the molecular
dieodes 512 and 514 having their cathode ends joined
together through resistances defined by their
respective internal resistances. From the node

15 adjeining the two rectifying diodes, there iz a
molecular resonant tunneling diode 516 coupled on one
end thereto and having an oppeosite end coupled to a
molecular conducting wire having an insulator inserted
therein to form thé resistor 518. That end of the

20 molecular resonant tunueling diode 516 that is coupled
to the resistor 518 also is coupled to the molecular
NOT gate 420, a molecular structure like the molecular
NOT gate in the exemplified NAND gate. As does the
NAND gate, the exemplified XNOR gate 500 utilizes a

25 pelyphenylene conducting wire with appropriate doping
and insulator groups to produce a single molecule that
performs the specified Boolean function. In addition
to. performing a Boolean logic function, the molecule

vields power gain, and it therefore has the ability to



5 nolecules. Inthis way, it is possible to construct a single nolecule
that exhibits a conplex Boolean function. Exanples of such Bool ean
functions nay be that of a NAND gate, an XNOR gate, and a HALF- ADDER, and
any conbination thereof. 10 Referring to FIG 10A, there is shown a general
schematic circuit diagramrepresenting a NAND gate 400 w th binary input
signals A and B and the binary output signal for the |ogical fefitogpgt put
at C The inputs A and B are supplied to a diode-di ode AND | ogi c gate 15
410. The output of that AND gate is furffer coupled to an inverter 420 to
provi de the NOT function that produces the NAND output. In the process,
the NOT' function also provides gain or anplification for the output
result. The AND gate 410 is forned by two 20 rectifying diodes 412 and 414,
and a resistor 416. The inverter 420 includes a transistor 422 for which
the gate lead is coupled_to_ the output of the AND | ogic ate. Then, the
source of trar¥iidteomUsirhe ol HiReuitay EFpBdte AP th O @dh thesi st or
424. 25 An exq&nﬁagﬁtgqlecular structure that perfornms the NAND function
is shown in FIG 10B. The NAND gate 400 is shown to be formed by the

mol ecul ar di odes 4®29gRgraliackematiG CHECPLiANdHRITH FIRAaFERtEBgeRrher to

which a resi shofr DRI BY RS NSHIFOT 19R0UPTA 16hd S1iRMRInggs 30 With an
opposite end of that resistor being coupled to 16 June 2006 44
5 600, an XNOR gate 500 is combined with an inverter 420
to provide an output S of positive polarity. The XNOR
gate 500 is combined with a NAND gate 400, the output
of which is coupled to an additional inverter 420.
Input =signals are provided to the inputs A and B, with
10 the output 8 being the logical SUM and the output C
being the logical CARRY output.
An exemplary molecular structure that performs the
HALF ADDER function is shown in FIG. 12B. As shown,
the HALF ADDER 600 is formed by a single polyphenylene
15 based molecule. It combines the functions of an XNOR
gate 500 with that of a NAND gate 400, by respective
combination of the XOR gate 510 with a first inverter
(NOT gate) 420 and an AND gate 410 with a second
inverter (NOT gate)} 420. The output of each of those
20 gates is coupled to respective inverters 420 to provide
the desired ocutput polarity. Similarly, more complex
Boolean logic functions can be formed by further
combination of moleculez aexhibiting particular
functions, to form a still larger single molecule that

25 is capable of performing complex logical functions,



the positive polarity power supply input. The node joining the two diodes
412 and 414 is coupled to the transistor 422, the transistor having a
source section to which the insulator group 424 defines a resistor, 5
i npeding electron flow to the output C_ Utilizing a polyphenylene

conducting wire with appropriate dopid and insulator groupt Juneszq§l e
nol ecul e i s produced that perforns the specified Bool ean function, that of

a NAND gate, and the nol ecul e al so GLL.&IMS power gain. 10 The power gain

enables the logic gate 400 to support what is known as "fan out” in
subsequent logic steps, the ability to drive nultiple logic circuits from

t he

gate

out put C of the NAND gate. In FIG 11A, there is shown a general
schemati c i relichom ' tg th binary
npt si gnal s A o Bf’ﬂb%gﬁ%%&m%% AR ot

output at C. The inp
510. The outp

i nary out put

i nverter 420 to praovide the NOT function that produces the XNOR out put.
in the #da% wpstaptiallyigenticgheendugtive aemali Heg sEIIYPS0 provi des gain or

anplification for the output result. The XOR gate 510 is formed by two
rectifying di odes 51Zaanondfirt frsulating 2Bouphbinded detiertas: jespersie poigetitseid

t hrough respective

opposite end of the diode being

wire, said first insulating group being a saturated aliphatic bridging group selected from the
set consisting of a methylene group —CH»-, a sigma-bonded dimethylene group -CH, CH; -
and longer chains thereof;

at least one dopant substituent chemically bonded to at least one of said
first and second sections to respectively form at least one of an electron donor site and an
electron acceptor site,said dopant substituent includes at least one group selected from the set
consisting of electron donating groups and electron accepting groups, said electron donating
groups being selected from the set consisting of -NH», -OH, -OCH;, -CHj;, -CH,CHj;, and
said electron accepting groups being selected from the set consisting of -NO,, -CN, -CHO, -
COR’, where R’ is an aliphatic chain; and,

molecular gate means chemically bonded to one of said first and second
sections to influence an intrinsic bias formed between said first and second sections by said
doping means with a potential applied to said molecular gate means, said molecular gate
means including (a) a second insulating group chemically bonded to said at least one of said
first and second sections in proximity to said doping means, said second insulating group
being a saturated aliphatic bridging group selected from the set consisting group being a
saturated aliphatic bridging group selected from the set consisting of a methylene group -

CH;-, a sigma-bonded dimethylene group -CH,CH,-, and longer chain s thereof, and (b) a

gical result

(165 O e MREE-H R el REIR RGPSt ©

As

resi stances RO. The node connecting the two resistances
Ro is cosuedvd aromatie soiatudiuBened estgblibhode Sethomnodmned mvleculdrecoadbetirighe



coupled to a |load resistance 518, and that end of the 16 June 2006 45 di ode
al so provides an output of the XOR gate. The output fromthe XOR | ogic
gate 510 is coupled to the gate |lead of transistor 422. The resistor 424
of the inverter 420 couples the source of the transistor to 5 the output
C. Turning nowto FIG 11B, there is tfown an exenpl ary nol Hdung 2006
structure that perforns the XNOR function. The 10 XNOR gate 500 is shown
to be f oum@d doyidtidti@gnaingsdet ahemdAR pandedSHdwenhiailh skagidcingaiteng godupdesl t he
nol ecul ar di odes 512 and 514 having their cathode ends joined together

t hr oughsgigshisd anfigs, efclhred BUdidRkcohPResdiny forinel Bk HAhink @8 AT aid-r om
the node 15 adjoining the two recfifying diodes, there is a nolecular

resonant i Q@é;ﬂg%egbglggsg_&gu gupl ed on one end thereto and havi ng an

opposite en coup a nolecular conducting wire having an insul ator
inserted therein to formthe resistor 518. That end of the 20 nol ecul ar
resonant tunneling diode 516 that is coupled to the resistor 518 also is
coupled to the nolecular NOT gate 420, a nol ecular_structure like the

nol ecul ar  NOT gydthe WWOFFPéCCéJ@é@tﬂCFrPﬁﬂédleNANﬁ graited infslape d Surther corumRipngat e,
the exenplified XNOR gate 500 utilizes a 25 pol yphenyl ene conducting wire
wi t h apprcpnsdatenglgioup ghemndlly heudeat torthgpthepsf s20d firss dnd eeeondi segliasrmoiecul e
t hat
plurality of joined conductive aromatic ring structures chemically bonded between said third
insulating group and a fourth contact to form a Boolean logic function, said third insulating
group being a saturated aliphatic bridging group selected from the set consisting of a
methylene group -CH;-, a sigma-bonded dimethylene group -CH,CH»-, and longer chains

thereof,

3. The monomelecular electronic device as recited in Claim 2 where said Boolean

logic function is a NOT function.

4 The monomolecular electronic device as recited in Claim 1, wherein said device

has the formula:

a-...-0-0-R-a-...-a
/A
R Z
|
p

wherein o is said conductive aromatic ring of, said polyphenylene molecular
conducting wire, R is a member of said saturated aliphatic group of said first insulating group,

R’ is a member of said saturated aliphatic group of said second insulating group, B is said



performs the specified Boolean function. In addition to performng a

Bool ean I ogic function, the nolecule vyields power gain, and it therefore
has the ability to 16 June 2006 46 drive multiple logic circuits fromthe
output C of the XNOR gate. A general schematic circuit diagram
representing a HALF ADDER is shown i %I G 12A. In the HALFIGABPER6600,
an XNOR gate 500 is conbined with an inverter 420 to provide an output S
of posi tuvent pohductihy complex XBIRaidjattleasb e dopanbsubstiedntwi th a NAND gat e 400,
the output of which is coupled to an additional inverter 420. |nput
signals are provided to the inputs A and B, with 10 the output S being the
| ogi cal SUM and the output C being the |ogical CARRY output. An exenplary

nol ecul ar stru r ; : i ORI by in FIG
125 ns shown. >t e TR ARRRRBOE el i Am D BB HEAR LS 1
based Iet ul.e. Ilt~ conbi nes the functions of an XNOR gate 500 with that of
a NAND g%t e&ﬂfueby respective conbination of the XOR gate 510 with a
first inverter (NOT gate) 420 and an AND gate 410 with a second inverter
(NOT gate) 420. The output &f-®aRti-of®those 20 gates is coupled to
respective inverters 420 to provide the desired output polarity.
Simlarly, nore conplex Booleah |ogic functions can be fornmed by further
conbi nati on of nol ecul es exhibiting particular

R’

|

B

wherein o is said conductive aromatic ring said polyphenylene molecular
conducting wire, R is a member of said saturated aliphatic group of said first insulating group,
R’ is a member of said saturated aliphatic group of said second insulating group, P is said

current conducting complex, Z is said at least one dopant substituent.



functions, to forma still larger single nolecule that 25 is capabl e of
perform ng conplex |ogical functions. 47 16 June 2006 CLAIMS 1 A

nononol ecul ar el ectroni c devi ce having power gain, conprising: at |east one
pol yphenyl ene nol ecul ar conducting wire having a plurality of joined
substantially identical conductive aromatic ring structures; at |east one
first insulating group bonded between respective pair of s 'ﬂﬂ1qﬂﬁguctive
aromatic ring structures to establish sections of said nolecular
conducting wre, said first insulatin roup being, a satur tﬁ%laLiph tic
bri dgi ng group éelﬁkﬁ wgnemglerlae eleg‘é‘?m §}C§tﬁsn’§°5$d & iﬁ?lﬁ%ll e eﬂ?”&tfﬁlad
-CH2-, a sigma-bonded di nethylene group -CH2 CH2 - and | onger chains

t her eof deviee hasgbe fsmalajopant substituent chemically bonded to at |east one
of said first and second sections to respectively format |east one of an
el ectron donor site and an electron acceptor site,said dopant substituent
i ncludes at | east one group selected fronithe set consisting of electron
donating groups and el ectron accepting greups, said electron donating
groups being selected fromthe set consisting of -NH2, -OH, -OCH3, -CH3,
-CH2CH3, and said electron accepting groyps being selected fromthe set
consisting of -NO2, -CN, -CHO - COR, where R is an aliphatic chain; and,
nol ecul ar gate neans chenmically bonded to'one of said first and second
sections to influence an intrinsic bias fdrnmed between said first and
second sections by said doping nmeans with a potential applied to said

nol ecul ar gate neans, said nol ecul ar gate“*ﬁe%ngﬂﬁﬁcﬁhding (a) a second
insul ating group chenically bonded to said at |east one of said first and
second sections in proximty to said doping neans, said second insul ating
group being a saturated aliphatic bridging group selected fromthe set
consisting group being a saturated aliphgatic bridging group selected from
the set consisting of a nethylene group - {CH2-, a sigma-bonded di net hyl ene
group -CH2CH2-, and longer chain s theregf, and (b) a 48 16 June 2006

|
A w-o-B-R’-o

<8 — R

wherein o is said conductive aromatic ring said polyphenylene molecular
conducting wire, R, R’, and R” are said saturated aliphatic groups of said first, second and
third insulating groups, Z is said at least one dopant substituent,  is said current conducting
complex .o is a thiol substituent that binds chemically to an electrical contact, A designates

an input, C designates an output, and V+ and V- are power supply potentials.



current conducting conplex chem cally bonded between said second insul ating
group and said third contact, the current conducting conpl ex being forned
by chains or nmeshes of said conductive aromatic ring structures. 2. The
nmononol ecul ar el ectronic device as recited in Caim1l further conprising a
third insulating group chemcally bonded to the other of said first and

second sections and a plurality of jq‘% ned conductive ar Omitjlé:JMenﬁbo
structures chenmically bonded between said third insulating group an
fourth contact _to forma Bool ean |ogic.function,.said third insulatin
group being 4 gg‘? FRonoglenuigs (AT Seydfenty ‘&Pﬁ‘ifjpmsghaé’@t @éu%l‘%rfﬁ%ﬁ%& b@t%
consi st NGB (ﬁthmkﬁne group -CH2-, a signma-bonded di net hyl ene group

- CH2CH2- , and‘3 onger chains thereof. 3. The nononol ecul ar el ectronic
device as recited in Caim2 where said Boolean logic function is a NOT
function. 4 The nononol ecul ar el ectronic device as recited in Caim1,
wherein said device has the fornmula: wherein a is said conductive aronmatic
ring of, said polyphenylene nol ecular conducting wire, Ris a nmenber of
said saturated aliphatic group of saidyfirst insulating group, R is a
menber of said saturated aliphatic grouﬁ of said second insulating group,
is said 49 16 June 2006 current conducfing conplex, Z is said at |east one
dopant substituent. 5. The nononol ecul dr el ectronic device as recited in
Claim1l1, wherein said device has the la: R R wherein a is said
conductive aromatic ring said pol yphe ene nol ecul ar  conducting wire, R
is a nenber of said saturated aliphati hgroup of said first insulating

group, R is a nenber of said saturat BQChati c group of said second
insulating group, Ris said current egbthducti conmprex, 3 %ﬁid at | east
one dopant substituent. 50 16 June 20 _ — — C

CHoCHo |

wherein A designates an input, C designates an output, and V+ and V- are power
supply potentials, Z is said at least one dopent substituent and R is a member of said saturated

aliphatic group of said first insulating group.



6. The nononol ecul ar el ectronic device as recited in aim2, wherein said
device has the fornula: A co-a-(3-R-aa w V wherein ais said conductive
aromatic ring said pol yphenyl ene nol ecular conducting wire, RR, R, and R
are said saturated aliphatic groups of said first, second and third
insulating groups, Zis said at |east one dopant substituent, (3 is said
current conducting conplex wis a this,ﬁ substituent that bi L}(ﬁ ch%[@' cally
to an electrical contact, A designate an input, C designat tsput
and V+ and V- are power supply Potentl als. 51 16 June, 2006 7. The

mononol ecul ar & ddemamomalesyi glesome deyise as recitedhingylaim arWH@Fmoséfq d¥éceny a
nol ecul e of the formula: V+ SH SH C A HS SH V_ wherein A designates an

i nput, adbsifgnades an output, and V+ and V- are power supply potentials,
Zis said at |east one dopent substituent and Ris a nmenber of said
saturated aliphatic group of said fifrst insulating group. 52 16 June 2006
8. The mononol ecul ar el ectronic devicé™as recited in daim 2, wherein said
device has the formula: a w ®

a
|
|
a-R"0-...~a~0 C

|

I
R
l
Z-u
I
A o-o-f-R'-a

|

LBy —

wherein o is said conductive aromatic ring said polyphenylene molecular
conducting wire, R, R’and R” are said saturated aliphatic groups of said first, second and
third insulating groups, Z is said at least one dopant substituent, j is said conductive polymer
complex, o is a thiol substituent that binds chemically to an electrical contact, A designates

an input, C designates an output, and V+ and V- are power supply potentials.



V wherein a is said conductive aromatic ring said pol yphenyl ene nol ecul ar
conducting wire, RRL, Rand R' are said saturated aliphatic groups of said
first, second and third insulating groups, Zis said at |east one dopant
substituent, O is said conductive polynmer conplex, co is a thiol
substituent that binds chemcally to an electrical contact, A designates
an input, C designates an output, and )+ and V- are power su

potentials. 53 16 June 2006 9. The no&%%olecular el ectronic ﬁgégﬁ%59£§
recited in Caim38 further defined by a nDIecuI of  the &1 %? X HC
AHS SH V. whet dins onalesar sdecnic suies Ao ghgiaée f@ﬁlﬁ% ne bid v
and V- fHRR potentials, Zis said at | east one dopent
SubStltg%%?B% tE?IS ah%enber of said saturated aliphatic group of said
first insulation group 54 16 June 2006 10. The nononol ecul ar el ectronic
device as recited in Caim3, wherein said device has the fornula: wherein
a is said conductive aromatic ring of said pol yphenyl ene nol ecul ar
conducting wire, Ris a nenber of said gaturated aliphatic group of said
first insulating group, R is a member ©f said saturated al i phatic group
of said second insulating group, O is s@fd current conducting conplex, Z

is said | east one dopant substituent. 16 June 2006 11. The nononol ecul ar
electronic device as recited in Clainwlf‘mherein sai d device has the
formul a: 2

s = CHQCHi R @
oG

wherein A designates an input, C designates an output, and V+ and V- are power
supply potentials, Z is said at least one dopent substituent and R is a member of said saturated

aliphatic group of said first insulation group



wherein a is said conductive aromatic ring of said pol yphenyl ene nol ecul ar
conducting wire, Ris a nenber of a said saturated aliphatic group of said
first insulating group, R is a nenber of a said saturated aliphatic group
of said second insulating group, O is a said current conducting conplex, Z
is said | east one dopant substituent. 12. The nononol ecul ar el ectronic
device as recited in Caim1l wherein i d device has the for ha:~%ﬁpv' SH
C wherein A and B designate respective 1 nputs, C designates ofiii , and
V+ and V- are power_ supply potentials. 56 16 June 2006 13. The .
mononol ecul ar el ect r bhilheqagnurolgaularceleqtegiq Acse prieritedis CAim dalvBeredevi ce
has the fornmula: H3CG-0 SH V N HC wherein A and B designhate respective

i nput s, sad dewighartths famudait put, and V+ and V- are power supply potentials.
57 16 June 2006 14. The nononol ecul ar el ectronic device as recited in Caim
1, wherein said device has ¥#he fornmula: Il H2C6 1 H HS

t-...-0-R-tf-...-0
|
R!
|
p

wherein @ is said conductive aromatic ring of said polyphenylene molecular
conducting wire, R is a member of said saturated aliphatic group of said first insulating group,
R’ is a member of said saturated aliphatic group of said second insulating group, B is said

current conducting complex, Z is said least one dopant substituent.



NCHi HNGBn CHI~~/ 1! ~lr CHC r2'12CGCHR 0 fl SHVI~t r~ SI'
CH2 d CHo ~ | ~ Gg\ ( 6t19L11p { V

55 16 June 2006
11. The monomolecular electronic device as recited in Claim 1, wherein said
device has the formula: z

OO~ O~ R -t

|
R’
|
wherein « is said conductive aromatic ring of said polyphenylene molecular
conducting wire, R is a member of a said saturated aliphatic group of said first insulating

group, R’ is a member of a said saturated aliphatic group of said second insulating group, p is

& said current conducting complex, Z is said least one dopant substituent.

12. The monomolecular electronic device as recited in Claim 1 wherein said device has the

formula:

wherein A and B designate respective inputs, C designates an output, and V+ and

V- are power supply potentials.



CSLHy1"HC'~~-C2/r SH V_=NH SH 5 wherein A and B designate
respective inputs, S designates a SUM output, C designates a CARRY output,
and V+ and V- are power supply potentials

56 16 June 2006

13. The monomolecular electronic device as recited in Claim 1, wherein said

device has the formula:

HyC-D
! HSCI\%E C;fq\
-0 "N
(=
= {Hy
C;N E.
H3G-0 HQC@~ Vi
s w5 =l Sy =)
o C:N \
G0 A O
tiy b
i, -
2 CHy
A
sH
v

wherein A and B designate respective inputs, C designates an output, and V+ and

V- are power supply potentials.



57 16 June 2006

14. The monomolecular electronic device as recited in Claim 1, wherein said

device has the formula:

wherein A and B designate respective inputs, S designates a SUM output, C
designates a CARRY output, and V+ and V- are power supply potentials



