WO 02/ 059984 PCT/ USO01/ 47477 1 5 STABI LI ZATI ON OF CONFI GURABLE MOLECULAR
MECHANI CAL DEVI CES CROSS- REFERENCE TO RELATED APPLI CATIONS 10 [0001] The
present apploizosison is related to the follow ng applicati emag/usBesisatr Num
bers 09/ 280,048 ( Chemi cally Synthesized and Assenbl ed El ectronic
Devices'); 09/280,225 ("Ml ecular Wre Crossbar Interconnects for Signal
Routing and Commu- nications'); 09/280, 189 ("Ml ecular Wre Crossbar
Menory'); 09/282,045 ("Ml ecu 15 |ar Wre 1ICrossbar Logic') ; 09/282,049 ('D
enul tiplexer for a Mol ecular Wre Crossbar Network'); and 09/280, 188

("Mol ecular Wre Transistors'), all filed on March 29, 1999. The present
application is an inprovenent over the foregoing applications in B- | ow ng
a configuring of arbitrary nolecul ar devices with practically indefinite
lifetime (>10 years at roomtenperature). 20 TECHNI CAL FI ELD [ 0002] The
present invention relates generally to el ectronic devices whose functi onal

| ength scales are neasured in nanoneters, and, nore particularly, to sinple

and o the fbtnode for 1 or nHeCREi BEol ek CoRTIERTRARERE CF' 1 ' onet or ”and
ner ot n. VD 03] 056084 PCT] ALY 47477 O BRI AR L6681 The i 11 con

(Si) integrated circuit (1C has dom nated el ectronics and has helped it
grow to becone one of the world's |argest and nost critical industries over
5 the past thirty-five years. However, because of a conbination of physical
and econom c reasons, therokQlEiRHREARIE B0 REIAITHIRAPACEAIORKged the growt h

of Si ICs is reaching its
10

[0001] The present application is related to the following applications: Serial Num-
bers 09/280,048 (“Chemically Synthesized and Assembled Electronic Devices”);
09/280,225 (“Molecular Wire Crossbar Interconnects for Signal Routing and Commu-
nications”); 09/280,189 (“Molecular Wire Crossbar Memory”); 09/282,045 (“Molecu-
15  lar Wire Crossbar Logic”); 09/282,049 (‘D emultiplexer for a Molecular Wire Crossbar
Network™); and 09/280,188 (“Molecular Wire Transistors™), all filed on March 29,
1999. The present application is an improvement over the foregoing applications in d-
lowing a configuring of arbitrary molecular devices with practically indefinite lifetime
(>10 years at room temperature).
20
TECHNICAL FIELD

[0002] The present invention relates generally to electronic devices whose functional
length scales are measured in nanometers, and, more particularly, to siml;le devices
25  used as building blocks to form more complicated structures, and to the methods for
forming such devices. Devices both of micrometer and nanometer scale may be

constructed in accordance with the teachings herein.



limt. The present scale of devices is on the order of tenths of

m cronmeters. New solu- tions are being proposed to take electronics to ever
smal | er |woak®s998uch current soh- tions are directed to ceaItusavyi4ng
nanonet er -scal e devices. 10 [004] Prior proposed solutions to the problem
of constructing nanoneter-scal e de- vices have involved (1) the utilization
of extrenely fine scale lithography using X-rays, electrons, ions,
scanni ng probes, or stanping to define the device conponents; (2) di- rect
writing of the device conponents by electrons, ions, or scanning probes; or
(3) the direct chem cal synthesi s BACKGROKINIQARIT conponents w h coval ent
bonds. The major 15 problemw th (1) is that the wafer on which the devices
are built nust be aligned to within a small fraction of the size of the
devi ce feat uresjpp3) atrhé %ﬁi’é&n (9 iftbsBIRE | Aot {(10) hal ABlihedS HEQRARS iRd Hasges
of |ithography, foll by etching or deposition to build the devices.
This |evel of d@hﬁﬂ@ﬂgﬁwégbﬁwmwgwakéﬂ%EW¢<$§m@@¢@@éﬁ@ﬁiééwdﬂémﬁémﬂ@@ﬁ to
nam neter scal tr nt as
devi ces are%bo1@%&%EEQQGQﬁ%mggﬁgﬁgnegggﬂg%afgqg %gﬁgﬁgﬁﬁh%ﬁﬁﬁgde&g}ﬁﬁfoblem
Wi th (2) is thatasots, itl® miniapeizatidn thatdae ascompadedibe eedwtivof Si Iy iareseliing it§ ul |

of conpl ex deV|ce each con a trl- lions of conponents, ul d well
equire mmny.y oL THERRAFIoe's Mo b ot St o3 yets ORGP g NS mat | on
cont ent nol eculi@ms aFeChelingrstsky toBES SBRHRRY k@ Eved bhbIGdr US6RE; SdE Rurrds spH-0t ei ns
or DNA, and both have extrenely conplex and, to date, unpredlctable sec 25
ondary and t er tiioRp greshirecied igreeBStruNng AOBEier frakndewcswi st i nto hel i ces, fold
into sheets, for t

si gni fi cant angﬁggualﬂ%géﬁﬁgﬁgggﬂ%gés%&% @%E%ﬁx¥h§%35§ﬁ§3§%%£a$~c ??%a
properties as weéds hag imakesd () the utilizanign dhHednemelytiine scad littigthphywasihgiX-rays,

[ ible. [0051 De f I t.chi | ect .
behavior o e CUBFBREY JPerE s PO TR GER ER G I 1 uroriis )by cos

are viewed as pe&aSiing of eieldeciedediponentSby clb@®as iéBChehdgHeqSobeb;br $Pithe Of
nmuch speculatlon however, there are ver¥ fEMIEX ed WO 02/ 059984
go

PCT/ US01/ 47477 difscirehisiigal syadhspie end,linkingg I%HOHFIH? Fiyeevatent Ronds- et hdier show
some kind ofg pq%mah%ﬁwls *;shmmhe RERAVL WhicH RE dO¥itQi dte BhiltWhisE Be Glidheli kSi C

or extrinsic) i's the subject of debate. In previous
within a small fraction of the size of the device features in at least two dmensions for

several successive stages of lithography, followed by etching or deposition to build the
devices. This level of control does not scale well as device sizes are reduced to narm-

meter scale dimensions. It becomes extremely expensive to implement as devices are

20  scaled down to nanometer scale dimensions. The major problem with (2) is that it is a
serial process, and direct writing a wafer full of complex devices, each containing trl-

lions of components, could well require many years. Finally, the problem with (3) is

that high information content molecules are typically macromolecular structures such

as proteins or DNA, and both have extremely complex and, to date, unpredictable sec-

25  ondary and tertiary structures that cause them to twist into helices, fold into sheets,
and form other complex 3D structures that will have a significant and usually deletei-

ous effect on their desired electrical properties as well as make nterfacing them to the

outside world impossible.
[005] Devices of molecular size with switching electric behavior are currently the
30 focus of research world-wide. These devices are viewed as possible replacement to Si-

based technologies. In spite of much speculation, however, there are very few exper-



systens, the switching was either irreversible, or reversibility was
achieved on thick nolecular filns, or swwtching was volatile. 5 [0061 The
above -i dwpotiofmes rel ated patent applications are all bas@dTarsoswi4rthi ng of
a bi-stable nolecule, an exanple of which is a rotaxane, from one stable
state to an- other stable state by application of an external electric
field. Such configuring of the nolecular swtch by applying an external
electic field, which changes the conformation of the nolecule and swtches
it between a lowresistive and a high-resistive state, can 10 be only done
on weakly bondeadenmilretlis availiblaginikistpsint listitad thyt shotv sbmw &lndes pddaibld spdiddgen

bond, where one can overcone the energy barr.ier .of ahout e or.less).
On the one harRfha\iffethe GH\g’é‘rOti}ﬁih_iCBr@ann%étof Bﬁb‘éﬁlc)_ﬂ%ﬁ’aé@’J%Pg‘iﬂg?t%\s{ni&’éewou_s'
difficult to chgnegs, BOGwliGindWhy Ethe RreVPRIVIC B kSRrsMHilit§ YRR ShiERAAST thidke! ds,
which in the case of the hydrogen bond are already conparable to atomnic

fields (-1o+ twoleaar filing ey switehingceas velasiel y damage 15 the device. On the
other hand, g h. OH@r M fle a%t)veqidgnt ) d'r&aﬂe@?&%ﬁt#&bl 'on%%e a?i%ts{]de(ﬂlss%@fﬁhg of
si'nc ifeti IS’ s

appl i cation, t he correspondi ng ort w respect-to
thermal fl ucti a bitstablesmdiesile,ami axgmplaef gihichns a aotbxapeyr fadm one sthble kiatestaiahch.

The lifetimeT is estimted ac- cording to th or nu 0 coo exp(-Ub /[ kT)
where ctbh - 1 Tatper;s b%%at? %iaeelrca%\?ft e’f(t%aﬁe?ielﬂr%‘h l‘l\?‘fé"‘&}t‘ F%?f?gug‘ﬁ%&ﬁglﬁcy,
Ub is the en- en@¥cdbalshite by dpphyindel dinmi BiectiOmsd, ahich cBilked the Sorfh@mtion
tenperature. For the barrier (5).5 eV at roomtenperature, one estimtes the

lifetime as 5x|@ theymelegule jang switehigy {t bgisyegn 8 heyy-fesisoy and ahighyisistivestde, it h

| arger barrjers, ( i t: i om
sw foni ng. 1007 I8k R Sondc doidellt eiiebenc [RKR0 1 EPALARM fostd
configuring thebamd) elout ame cas widrcdradthe ekesyi meseriofiatidue0.6 ¥ sx lows). (etberene y

orces (o 0. HRORERoBBRBRG): S0 0 0Bl a i 40 &
DI SCLOSURE OF | iNwleN&h @Pplication of even stronger fields, which in the case of the hydrogen bond
are already comparable to atomic fields (~10*® to 10" V/ecm), and can easily damage

15 = the device. On the other hand, the barrier of 0.5 eV is insufficient for any reasonable

application, since the corresponding lifetime is short with respect to thermal fluct-

tions destroying the given configuration d the switch. The lifetime 7 is estimated ac-

cording to the formula
1
20 —=w,exp(-U,/kT)
T

where an ~ 1 THz is the typical attempt (molecular vibration) frequency, U, is the en-
ergy barrier, k is Boltzmann} constant, and 7 is the temperature. For the barrier 0.5
eV at room temperature, one estimates the lifetime as 5x10% sec, i.e., extremely short.
25  Thus, one needs much larger barriers (stronger bonds), but they will prevent the device
from switching.
[007]  There remains a need for a mechanism that permits configuring the molecular
switchable devices in the cross-bar geometry while the conformational charge is con-
trolled by weak intramolecular forces (e.g., hydrogen bonding).
30



10081 In accordance with the present invention, the nolecular swtchable
devices in the cross-bar geonetry are configurable while the

conf or mtworalos®kange is controlled 5 by intranol ecul ar fPerass/shar are
stronger than hydrogen bondi ng. The nethod of the present invention, which
is directed to configuring an ensenble of nolecular switches in a
prescribed manner in cross-bar geonetry and then nmaki ng such configuration
ei - ther substantially pernmanent or stable@ with regard to tenperature
fluctuations, cofn- prises the steps of 10 [0091 providing the ensenbl e of
nmol ecul ar switches in the crossIi8CLQSURE-OR INVENEBIEIN nol ecul ar switch
conprising a pair of crossed wires that forma junction where one wre
crosses another at an angle other than zero degrees; 100101 providing the
junction with ghodjeast aQoRIaEQRWHEFHE presdR $SlefFont BRIEAEIRYswitchIPdMvice®fn
crossed wires in the junction, thefjunctlon having a functional dinension
in 15 the nandhetieps-bay sperastonse eenfighrable Whilh drecjonloamatioaplschaggs-is eatrabed or
speci es and h%gﬂﬁﬂrém&ﬁcu?e{r?&%%dthw ai}gﬁr({ngéﬁaﬁﬁ'd%gﬁﬁ th&ﬁ{}% i€ Aleaollolr met €
connector speci és conprising a nolecu an avihg at ast one active

di pol e; and [ OQidsenteintdméion,saiiict anlireettd 1o qoefigming ah leysembiefof giotecwgr sWitehes
connect or speci.es mhege t he connector species E%S one active digole.or
stably confi gurf AP EHEPEIHHEEL Brerosspaisgromely. ajd, thep making suchcopfighrauan de o g
has nore than ope saeithnRllgipphafent QLB JHICF@aRI© tvPerdRr MAGRARSHs! bat- can
be taken to achieve the desired configura- tion. In one approach, the
connect or specikEises tge g8pfafgur ed and then an exchange chemical reaction is
carried out;qo0 e that | ' S [ r

process cor%;g)ri s[ggé:i 25 [08%%@4%@%%%%3 ﬁe&(?%ér%%g%% gér\]ités%ﬁg tgglall%ﬁg l%aﬁgl_j unct i on;
[ 00141 appl yi ngraradxmeleaahr shieht conprifing ladpairooft ¢resspdimires drat faymcopfcgar e t he
cal - nector spe iess [00151 re Iﬁgiq% a q d&gﬂgn atomw th a species that
forns a bond wi ¥ a’For=c “OPEFHH 0 THE 20F %8 SR C8$%onger than a
hydrogen bond; @orh)30 [ 0@dkidikceiieimeol Methek egbt dre donfdcthr sh@méi ddgndchfy

switch substantially Pernanently in this configuration, ) o
the paif of crossed wires in the junction, the junction having a functional dimension in

15  the nanometer to micrometer range, wherein at least one connector species and the
pair of crossed wires forms an electrochemical cell, the connector species comprising a
molecule and having at least one active dipole; and
[0011] either substantially permanently configuring the connector species
where the connector species has one active dipole or stably configuring the connector

20  species where the connector species has more than one active dipole.

[0012]  There are two approaches that can be taken to achieve the desired configura-
tion. In one approach, the connector species is configured and then an exchange
chemical reaction is carried out to make that configuration substantially permanert.
The process comprises:

25  [0013] forming the connector species in the junction;

[0014] applying an external electric field to the junction to configure the ca-
nector species;

[0015] replacing a hydrogen atom with a species that forms a bond with a por-,
tion of the dipole that is stronger than a hydrogen bond; and

30 [0016] removing the electric field, leaving the switch substantially permanently

in this configuration.



WD 02/ 059984 PCT/ USO1/ 47477 5 [0017] In this first approach, the switch
may remai n switchable, though bonded with associative bonds that are

st ronger wban/os49e4 hydr ogen bond, by utilizing associ ati vePcyarsdi/mg7such as
fluorine to nitrogen, nitrogen to oxygen, and divalent netal to oxygen.
Alternatively, the switch nmay be made permanent by utilizing even stronger
bonds, 5 such as sulfur to oxygen coval ent bondi ng. [00181 I n anot her
approach, the connector species is stabiliszed in one of two stable states
as follows: [0019] providing a plurality of dipole groups on the connector
speci es, each [0e47abl & tbfs fiaydpmgmh, the swlitdhgnay itdaianwiichablzetibugh oalel wittoup on

t he connector species; form n e conn ct cies in the

| Unct on: [ 002 FESSGisHT AR It SFVIFT LRE Gie erqHoR g g ¥, MO G StoL BT o
configure the ofRdinP8&dhQk NSHEE t@?ntro%&g n[tﬂ)%é’r?ﬂa JxSEBY hi¥dibdMént ﬁletﬁﬁor dx§gdn. el d,
| eaving the switch in the stabiliz config- ratron. 15 [00231 In t%

second appr oachAltappsively) the pmétcl imsg| ke @@Q@u@gn@mghb}é utilizing eYre SaNgeE I’Pomilse mai ns

in the state i until an opposite polarity
electric fi g’l d%?%x%gﬁ e%xj\f[%ﬁscg\ﬁi%l ggai n. [00241 The nethod of the

present inventif0ald]s Weanotigemgiradchahel c@inleﬂmpaciesninfsiagﬂmzémig onebf @wolstdbiear y
nol ecul ar devices w teg ractl cally indefinite lifetine ~10 years at room
20 t enper at ur e)S2FE 58 P ¥Advant ageousl y, the method of the present invention

introduces a mgphpg by wyvfdhgt DeneNHe b lpoeforss @ntth@botth € fRSie§ aAce
configured in a prescribed "Aay in a cross-bar geonetry and then this

confi guration bepseief hydrogemeardingvothze adiprat dipols @sovpfontirecoppesis seciesivent i on

sol ves the E)b Oagt ed prfo%#r%rﬁlé)éonngc r%ié\%ge%hﬁ &&qlaﬁ&pgh hi gh ener gy

barriers an (i) con |gur|ngo swi tches and then
(i) making t he[Ofmnf I gur epblyiys tue axtsmalbdlertnid fidld tetpgudctibo td befigak thmab-se and
ot her external 11petgtro'% lS.Ipl’etC)i%E I ons.

[0022] removing the electric field, leaving the switch in the stabilized config-

ration.

15 [0023] In this second approach, the multiple dipole groups ensure that the switch
remains in the state into which it was configured until an opposite polarity electric field
is applied to switch it again.

[0024] The method of the present invention is very general and allows a configwing
of arbitrary molecular devices with practically indefinite lifetime £10 years at room

20  temperature).

[0025] Advantageously, the method of the present invention introduces a method by
which the ensemble of molecular switches can be configured in a prescribed way in a
cross-bar geometry and then this configuration be made permanent.

[0026] The method of the present invention solves the above-noted problem of

25  switching through high energy barriers and allows (i) configuring of the molecular

switches and then (ii) making the configured system stable with respect to thermal

noise and other external perturbations.

BRIEF DESCRIPTION OF THE DRAWINGS

30



BRI EF DESCRI PTI ON OF THE DRAW NGS 30 WO 02/ 059984 PCT/ US01/ 47477 6 [00271
FIG ITAis a schematic representation of two crossed wires, with at | east
one nol ewoloe/051984 he i ntersection of the two wires, [0028PCFIUS01/AB7Ts a
perspective el evational view, depicting the device shown in FIG I|A and 5
[00291 FIG 2 is a schematic representation of a two-di nensional array of
swtches of the present invention, depicting a 6x6 crossbar switch. BEST
MODES FOR CARRYI NG OQUT THE | NVENTI ON 10 [Befinitions [00301 As used herein,
the term"self-aligned as applied to 'Junction” nmeans that the junction
that forns the [8087] CchFENA/AGE a 6¢HemibtiClepRbdnitatiah of NUNEEseDWirkse tvik @tledstoneM I €s
is created wherever two wires, either of which may be coated or

functional i zed, MYpasat theypisrsgetion ol sdwaydEsit is the act of crossing that
creates the jungsispn. rid 1831 berlh il LM dtioRh fvids SRPRIiES thedevits GHoEHEI N
refers to a systemthat naturally adopts some geonetric pattern because of
the identity ofFlEhtAmdponents of the sys- tem the system achi eves at

| east a | ocal mpy ints ener by adopt i this c(n- _figurati.on,
100321 The. Ler M oF R arPles IR A5 MY ey ohbERes o
state only 20 o@meepreseat iavention, desitiiighl 6x6RF03s@8 Swisdhch as an oxi dation or
reduction reaction; such a switch can be the basis of a progranmbl e
read-only menory (PROM), for exanple. [00331 The term'~ econfigurable"
means that a sw tch canggfanaspks foRIGARRYING ORIETHE IREENYI@Na reversi bl e
process such as an oxidation or reduction; in other words, the swtch can
be opened and closed multiple tinmes, such as the nenory bits in a random
25 access nor . [0034] The term'bi -stable" as applied to a

nol ecul e rrqu)ns ‘%—%ul e having two relatively |ow energy states
separated by an0e30gr gys @uedd leedin,vhd tetmn )“sdifisligned’. as Bippliedotb-“junction” means that

the junction that forms the switch and/or other electrical connection between two wires
is created wherever two wires, either of which may be coated or functionalized, cross
each other, because it is the act of crossing that creates the junction.

15  [0031] The term ‘self-assembled” as used herein refers to a system that naturally
adopts some geometric pattern because of the identity of the components of the sys-
tem; the system achieves at least a local minimum in its energy by adopting this cam-
figuration.

[0032] The term ‘singly configurable’ means that a switch can change its state only

20 once via an irreversible process such as an oxidation or reduction reaction; such a
switch can be the basis of a programmable read-only memory (PROM), for example.
[0033] The term ‘reconfigurable” means that a switch can change its state multiple
times via a reversible process such as an oxidation or reduction; in other words, the
switch can be opened and closed multiple times, such as the memory bits in a random

25  access memory (RAM).

[0034]  The term ‘bi-stable” as applied to a molecule means a molecule having two
relatively low energy states separated by an energy (or activation) barrier. The mog-
cule may be either irreversibly switched from one state to the other (singly configu-
able) or reversibly switched from one state to the other (reconfigurable).

30 [0035] Micron-scale dimensions refers to dimensions that range from 1 micrometer

to a few micrometers in size.



cule may be either irreversibly swtched fromone state to the other
(singly configir- able) or reversibly switched fromone state to the other
(reconfi gapakiosdes4 30 [ 00351 M cron-scal e di nensi ons ref er CraSdi/wBEMSI ons
that range from1 mcrometer to a few mcronmeters in size. W 02/ 059984
PCT/ US01/ 47477 7 [00361 Sub-m cron scal e dinensions refers to di mensions
that range from1 ni- cronmeter down to 0.05 mcroneters. [00371 Nanoneter
scal e dinensions refers to dinensions that7range fromO0.1 nano- neters to
50 nanoneters (0.05 mcroneters). 5 [00381 M cron-scal e and subm cron-scal e
wires refers to[0036 oOSubintidronm-sediaddtbnsions refire t® dinedsiosethat eingtl Gomr § mi4 t h

w dt hs or dianeters hgvin% t&imdinensions of 1 to 10 mcroneters, heights
that can range FPBRFRIPEWCERMSION onet ers to a nicroneter, and | engths
of several m crp®ijer NaffHerh:0RYE HimehFioRPRFEs oNfiREARIL @t AReCH6R D0 €

Swi tches [00391 The essential device features are shown in FIGS. |A-113. A
crossed wire swtetsho 0 neomsiars@dSmvieromeiesss 12, 14, each either a netal or
sem conduct ' t t - - et ween
hose wires s WP, o MibronBtie SPIBREecEB TP Ol b BBl C"
in FIGS. 1A anddiutBrs dhenpantindcarb aith it ot ¢éismdi8rs havigg ératimehsidng of hat 1Gar e
sandwi ched at the intersection of the two wires 12, 14 are identi- fied as

swi tch mol ecul eBICToPaless; hefehicHalnga amiss 108t & Areient 8T RUOEI™HE LMIIRRS!TTon
When an  appr opfddatmsIrtaeR infer@RAE 86l 186d9SS the wires, the switch

nol ecul es are either oxi- dized or reduced. Wen a nolecule is oxidized
(reduced), then a second species is re- duced (oxidized) so that charge is
bal anced. THeseBasigpolnigsmatienony b AHrecyVIfca?s a redox 20 pair. One exanpl e of
this device wou et : I e e d

nol ecul e (the ot0ﬁ3é$ hgfﬁ egg%ﬁnﬂ[eaerlegcf)%u%%i %})@ SP@%)% %stggg %]#n gﬁg%s%egsggy
exanpl e, a nol sdtchd 0icompashy dwd wiran 2, dd ecaoh eitliee a wetad st semiamiatitorerdre, that a
third exanple, a nole%yue S oxidi@gd,I %qg onﬁ_of t he wﬁresgjs rﬁfuced. I'n
a fourth exanpl &° EITEG FUPF BoB&IArSy 0 PRRECLRO%T e Ba S8 HrldWE R t he
other wire is rgeregs cohipodlds 162%a6ied RXh HEES.AA B 1BeTHE particular molecules 18

15 (denoted R;) that are sandwiched at the intersection of the two wires 12, 14 are identi-

fied as switch molecules, also interchangeable referred to herein as a junction. When an
appropriate voltage is applied across the wires, the switch molecules are either oxi-
dized or reduced. When a molecule is oxidized (reduced), then a second species is re-
duced (oxidized) so that charge is balanced. These two species are then called a redox
20  pair. One example of this device would be for one molecule to be reduced, and then a
second molecule (the other half of the redox pair) is oxidized. In another example, a
molecule is reduced, and one of the wires is oxidized. In a third example, a molecule is
oxidized, and one of the wires is reduced. In a fourth example, one wire is oxidized,
and an oxide associated with the other wire is reduced. In all cases, oxidation or reduc-
25  tion will affect the tunneling dstance or the tunneling barrier height tetween the two
wires, thereby exponentially altering the rate of charge transport across the wire jurc-
tion, and serving as the basis for a switch.
[0040] The electrical tasks performed by these devices are largely detemined by the
types of wires (electrodes) and the interwire materials that are used. Table I presents
30 the various types of devices that might be fabricated from various combinations of the

wires 12, 14 in FIGS 1A-1B.



25 tion will

affect the tunneling distance or the tunneling barrier
between the two wres,

transportwaoros®st he wire juic- tion,

sW t ch.

[ 00401 The el ectri cal
determ ned by the

that are used. Table | presents

and serving as the paegrEsof/ors7a
tasks perfornmed by these devices are largely

be fabricated from vari ous conbi nati ons o8 the
1A-113. WD 02/ 059984 PCT/ USO1/ 47477 8 Table 1. Wre (El ectrode) Materials

Devi ce Met al

(sanme) (different) sem conduct
(p-njunction) (heterojunction

wires 12,

14 in FIGS

hei ght
t hereby exponentially altering the rate of charge

types of wires (electrodes) and the interwire materials
30 the various types of devices that m ght

Resonant X X
Resonant X X
nol ecul es or
each juncti on

scri bed bel ov
a switching

10

15

(the electrodes), each junction can either display the types of electrical function -

scribed below immediately on contact of the wires or the junction can have a switching

function that acts to connect or disconnect the two wires together electrically. This

switch can either be singly configurable or reconfigurable.In the first case, the initial

state of the switch is open or closed. Electrically biasing the switch beyond a partialar

threshold voltage that is determined by the materials in the junction, which is esen-

tially an electrochemical cell, oxidizes or reduces the material or molecules etween the

-nmetal Metal -nmetal Metal- Sem conduct or - Seniconductor- Type
TSE@JE%F@ C%OQS)(TELW ﬁ%ﬁgﬁgt ?(rx X resistor
PevitdNNel Magl-h&8 1| Médl-metad PdeMekalX X Bemidoduamh-i NgSeicknddetdt- i ode
o i oo Lo kb O orbeod g (1
can either displiay the typesorof el ggtrjireédn) f iin@tieoundion
redi-ately_on—eontact—of the—wres—oer—thejyneton—ecanave
Resistor X X !
Tunneling X X X
resistor
Resonant X X X
tunneling
resistor
Diode X X X X
Tunneling X X X X
diode
Resonant X X X X
tunneling
diode
Battery X X X
[0041] Depending on the molecules or materials that are used between the wires

wires to irreversibly close or open the switch, respectively, thus permanently reversing

its initial state.In the second case, by cycling the polarity and magnitude of the voltage

on the switch beyond the appropriate threshold values, it is possible to reversibly oxi-

dize or reduce the properly selected materials or molecules to close or open the switch



function that acts to connect or disconnect the two wires together
electrically. This switch can either be singly configurable or

reconfi guwalmkesossn the first case, the initial state of wPha/SM/AEN7Is open
or closed. Electrically biasing the switch beyond a particalar 10 threshol d
voltage that is determined by the materials in the junction, which is Osen-
tially an el ectrochem cal cell, oxidizes or reduces the material or

nol ecul es Lietween the wres to irreversibly close or open the swtch,
respectively, thus perrnmently reversing its initial state. In the second
case, by cycli ngartyhénqso]naaiﬂlemamdvhamghoisetdmhem of klectvicd| tcagrectionthétiiensud t ch
beyond the appropriate threshol.d va i.t. LS e.to reversihly oxi
155 or reaeBiRd T vaEP S B bER it s PuR e P Sibeer BT se o
open the swi t chfaW2a0d/20 H88 8hPAEAIPOL thd Afbletuled ofaYald B¥BSeen kit witdsher case,
when cl osed, the%,‘)ipe of electrical connection that is nmade between the

Wires depends ul§8421t h&abiad abqvaishowy pmalih efthe Meriqus fypss pbfungliens thap gashe ar e
fabricated a Al%egsﬁr&qh @aﬁo%@ b atQ)fns BPQeJH%h@%#eﬁtﬁﬁ%d WRiaLIs A ﬁlo@éﬁlwen

the wres. [0042] above s matrix o e various types of
functions that wadirde jdcidt wmsetmf hasm lumai ousnewoithdendhbiaonsstiof andligohdode

materi als and terials,or C used in the j.unction.. A resistor has
T Pnearcar rend: Ofamud arRedine s il bvih i oo v e B B
over -reduci ng tiglyj fome kishet bl&iuvﬁﬁﬁvééﬁﬁhw&ei TRE Spifsitivof 8 pr&re&Sis edovdri al |y

forma short circuit between the w res. The qgpposite of tlis process is to
over- oxidize a%drct iwstionphigh Wil | QOngEeShFrviReHE a\/\lio?%‘z?dnreélolnc?@élef s&diyelegi on

and ef fectimel yordfk BESRk (TleQteVMnro%eﬂ Eﬁ&% & e QRERt He HoMikiba of fhe éﬁﬁhox‘f‘w e at

the position of the junction. tunneling resistor naintains
appr oxi mat el y 2tuprehogedsistor mamtama sthinl, approxgjmigtehr 3 agnomigert thiskningvlating bamidr has

an exponential ¢ ée%nvglr \éoalngl %ge Chaproagntt Ilisntelngvoltane E}pa?ac?er 2fic. rﬁ‘ﬁat ag ﬂlCEI on
nol ecul es or lferlals ave a shar fl I ned en% lte|n3| d&°% hé' band
gap of an el eqhnatmahﬂcyeculasuﬂ @htetidds hwzerallsmmltyhlaﬁnad&lneﬂgg statEQﬁﬁ&Etﬁe bahd gap

el ectrically cur the 15t|on t he connect] on bet n.the wres can
oxhi bit a1 ow BanEIsSRieAISL IR Rartie en 6 2ogom h%@é“d“??\gﬁe ?ﬁ%% BHEEs of
resonant tumel ﬂldag theTJ&ﬁnercﬁ&QB@WEerI HBRAkE REh EAbiPE ATWCE elRBR O 8t is '
inflection points in the otherwi se exponential current-voltage characteris-

tic of a tunnel{omgnatedpy thsrprocassdpiogeonpy tunrjelipg: (ihe sesprant tynaelywscap predses nor e

easily in one one or more inflection points in the otherwise exponential current-voltage characteris-

tic of a tunneling resistor. A diode is a junction that passes current more easily in one
direction than in the other, and thus has an asymmetry in the currentvoltage character-
20 istic for positive and negative voltages A tunneling diode has both the positive-
negative voltage asymmetry of the diode and the exponential currentvoltage charac-
teristic of the tunneling resistor. A resonant tunneling diode has a positive-negative
voltage asymmetry plus it has a peak in its aurent-voltage characteristic, such that
over a restricted range of increasing magnitude of the voltage the magnitude of the
25  current actually decreases, a phenomenon that is known as negative differential ress-
tivity. Finally, a battery is a circuit elemert that acts to hold a constant voltage differ-
ence between its electrodes as long as the battery is sufficiently charged, eg., there is a
sufficient supply of oxidizing and reducing agents separated by an insulating barrier.
Charging the battery is accomplished by placing the appropriate voltage across the
30 junction, which as stated before is an electrochemical cell, to only partially oxidize or

reduce the material or molecules in the junction. In general, any real jurction between



direction than in the other, and thus has an asymmetry in the

currentvol tage character 20 istic for positive and negative voltages A

t unnel i ngwoicoas9Bas both the positive- negative voltage aPgmresoryr4ef t he

di ode and the exponential current voltage charac- teristic of the tunneling
resistor. A resonant tunneling diode has a positive-negative voltage
asymetry plus it has a peak in its current-voltage characteristic, such
that over a restricted range of increasi by magni tude of the voltage the
magni tude of the 25 current actually decreases, a phenonenon that is known
as negative di fwiessdomied|byrtbs procgspasidescribbd atzivk will actballyt levy twe oramaterof dhet

el ement that acts,to hold a.constan ol e differ- ence between.its

el ectrodes as |5 ‘21%51%]3&[‘%5’“%3‘?5?%: °d- ‘f’éh éﬁﬁfﬁf?a%ﬁvgﬁﬁ%} eieﬁéﬁlg@a’fne‘g%fl. N5¢H8&re is a
suf fici ent supgbe43pl vKisglitgiphge@nghvenesiiBhyBe ageantEwhie paf ingdr Smadllic or
insulating barrier. Charging the battery is acconplished by placing the
appropriate volStRifengisting Wrﬁg@le&elej GHetatens, dprcading en dheadeyire PEIRSHIES i % an
el ect rochenmizcal g e@hbm thPas@Medi@chik @l | y oxidize or .reduce the material or
nol ecules in the junction. In general, any real junction between WO

02/ 059984 PCT/ US01/ 47477 10 wires forned by the processes described above
w il actually ve t or nore of the electrical functions described, with
the effective L br S es. [0043] Thus, the
present inventiggy4Tay pREe SARGHEELWiNE (RAALY asWiFREatOre PRbAE b§ cOiventional

sen conducting w re/ nolecul e conbi nati ons, depending on the device
properties de- decypriedireyibprocdssing eskimlesgvisdsraciypical Bapierareddnot siRstradhason
Fabri cati on (of p%ro‘?a%lrgﬁ rodes [00441 Process-Defined Wres (defined as

wi res that "are ‘prepared by conventional electronic-circuit processing

t echni ques; Wi r{@é43r e Meygliccald sgmjpoegetoe dvies, witls dbstteatrengise frd0 spardl nf a
circuit): [00451 Metallic .and sem con tor wires, with dianeters ranging
rom sever al ni SORTERUP s STHl6 HOBMERT AT Gt EPpHE b g ol

m cromet er - scal @)gin®froMial dingdd AREBHE dofvAng 40 Gakdn@era(REAGI A sib-Sieeméter down
to 40 nanoneters (defined as sub-mcroneter scale) in dianeter, may be
prepared usi ng SHAIF) nedigragies 8198 de Prepared ysing gyehgsieblishesh prhphsiading liphggrephig)| |

ul 1 ravi ol etys Of (ofhBE Wi AN cidBER BRI ARoloERE Sl ViR MARARIHaYe PRYS 2

bon shape or rectangular cross section, although circular cross sections are not pre-
cluded, with the width of the wire being determined by the lithographic process used to -
define the wire and its height being defined by the amount of material deposited in the
region defined by lithography.

20  [0046] Chemically-Prepared Wires (these wires are prepared by techniques other

than conventional electronic processing technology, wires are typically prepared as a

bulk material, rather than as part of a circuit board):

[0047] Metal and semiconductor nanowires are defined as wires with diameters be-

low 50 nanometers (typically 2 to 20 nanometers), and with lengths in the range of 0.1
25  micrometers to 50 micrometers (typically 5 to 10 micrometers). These may be pre-

pared chemically using any one of a number of techniques described in the references

given below.

[0048] One example of a reported technique for the production of semiconductor

nanowires of the semiconducting element germanium is to react germanium tetrachlo-

30 ride and phenyltrichlorogermanium with a dispersion of sodium metal in the solvent



bon shape or rectangul ar cross section, although circular cross sections
are not pre- cluded, with the wwdth of the wire being determ ned by the

| i t hogr apWDm2psoe€ss used to define the wire and its hei gotr/usei/my7tef i ned
by the anmount of material deposited in the region defined by |ithography.
20 [ 00461 Chem cally-Prepared Wres (these wires are prepared by techni ques
ot her than conventional electronic processing technology, wires are
typically prepared as a bulk nmaterial, rather than as part of a circuit
board): [00471 Metal and sem conductor nanowires are defined as wires with
di aneters be- |tolefn) afdaOMBdngIetmtfrt YpdrcOP Y iRa thhs@DvaasehandéemShert amdrom t h

| engths in the rangfe of 0. 1 25 microneters to 50 mcronmeters (typically 5
to 10 ni cr onet R, OrHEERd A ge R B%é- Dt BEPEMAHREACS TGPV SN poBREB a
nunber of t echniAbeRedGSkinhRGd trbe foNBirtyShREBAGS Sand B V&R TV 5 kDPF &L One
exanple of a reported technique for thé production of sem conduct or ,
nanow res of th@omepisconducting el enent germaniumis to react gernmani um

tetrachl o- 30 ry an heny. i.chlor age i i i rsi.on. of

sodi um et ai® i OPRL o e b 5o a ALt My e Brdh PGl il o
t enper at ur e neatuct®dBakowires af eossmibovdrang clempgiadilican, is ne idsereaporize A-tafgent ,
for a period of several days.. That preparation produces single-crystal

ger mani um nanowwégngoqlermnélrélﬂlé%mdﬁméfhf Gragh i RI3FeR HrpYASYER gYenéhﬁ(’&f’Q
l'engths from 0.54tQ bt %55‘15 SRS [Sh théo{r&%_%]lg fhe%ﬁ&%i&?&ﬁ'%gﬁ TRE t@h-
reported techni que for the production of sem con- ductor nanow res of the
sem conduct i ng refusroeducsd $iliconwirdsghat baveadiamsterp dr the gange pH2Qet30 naoerheiemi ng

el enental sidic and iron. The rget. is placed in a vacuum oven at 1300' C,
ona an nertd ool 8UhsshRheln | 8 Ak BB Sor G The-vapor zati on
process. This t[ees0] ndguexphglduses fportedofeciiqes férhdle p@dactidh agfehrtaslid n t he
range of 20 to 30 nanoneters, . 10 and |l engths ranging from1l to 20 .

m crometers. [ OWBOY e sl ctmegt s ripe cretRnicglesrdredheirg bttt i on
of nmetallic nanoPbkesr AfanbligalFRIBL] AitmBLAMRMe 18R lith IThe bRn@lBCSGRGDER cal |y
grow gold wires wwthin the pores of an anodically etched al um nurn oxide
thin film The ®Mediimagitlio zplgtion, selgfising the gold nanowires, which are then collected. Gold

15 nanowires grown in this manner are characterized by diameters ranging from 20 to 30

nanometers, and lengths ranging from 0.5 to 5 micrometers.

[0051] Nanowires of various metallic and semiconducting materials may be pre-

pared in a variety of fashions that are discussed in greater detail in related application

Serial No. 09/280,048. Some of these devices will require doped semiconductor wires,
20  such as doped Si.

[0052]  For the case of Si wires, the wires can be doped when the wires are physi-

cally prepared. In this case, it is necessary to add the dopant into the reaction vessel as

the wires are formed. For example, in the laser ablation/vacuum oven preparation tech-

rﬁque described above, a small amount of dopant gas, such as phosphorus trihydride
25  (PH;) or arsenic trihydride (AsH;) is added into the inert gas (argon, for example) that

flows through the vacuum oven during the iaser ablation/wire formation process.

[0053] Conversely, these wires can be modulation-doped by coating their surfaces

with appropriate molecules — either electron-withdrawing groups (Lewis acids, such as

boron trifluoride (BF;)) or electron-donating groups (Lewis bases, such as al-

30  kylamines) to make them p-type or n-type conductors, respectively. See wire prepara-



solved in acidic solution, releasing the gold nanowi res, which are then
collected. Gold 15 nanowires grown in this manner are characterized by

di anet er swoangssegs from 20 to 30 nanoneters, and | engt hs ramgisag4f4rom 0.5
to 5 mcroneters. [00511 Nanowi res of various netallic and sem conducting
materials may be pie- pared in a variety of fashions that are discussed in
greater detail in related application Serial No. 09/280,048. Sone of these
devices will require doped sem conductor wW2res, 20 such as doped Si.

[ 0052] For the case of Si wires, the wires can be doped when the wires are
physi - cal ly prispabdeds lidted bddive RIGSHES deficts scmminggeanywhtedmdd atchﬁingdaamt into
the reaction vessel i are for | aser

th
abl ati on/ vacuun‘i"‘ﬁ‘“v%a‘a?ecﬁa'i%@\cg’} ref% 2@ be H?Oge l@“%?e@?ﬂ”?%&%ﬁ%sownel z’ﬁ%efs

anount of dopa gﬁide?%h Jlifer RRASRARS ﬁaﬁcttdhamyﬁﬁtmsl@ n;’a'%er{aBH@lt@lﬁlatwegemec
trihydride (As is added into the inert (argon, for exa t hat

fl ows through tW@sdaemjw@%wsmwlm@owa %erorafmraﬁ PRI 1r6ean£whea% then
ProCess. [%053&71re cﬁé’s@rﬁeﬂ@‘ls f%{ﬂ@@%r‘%{ﬁ n&ﬁ@eﬂ?%e%'@t { PRaFOP&S egmﬁloa“ ng

their surfaces Iecu es - @ither ectron-w t hdraw n
groups (Lew s amoldmlarsmcﬁesae 22bosietivaly, ffdnesample, tKlBE&)b)ecme oebebtvmnamodunatl ng

groups (Lew s bases h as al. 30 k l.am ne ke them p-type or n-type
conduct or s, res%@????f’%f@ rmegoloiglal suspg %?}Erﬁ‘%‘iﬁi‘} 84 PCT/ US01/ 47477 12

tion routes |i sfpesh)belrgWopdihEwikBviemidlatioRdsi@ad, itignetEss@f itHethically &gl a
coating 22 on wre 14. The coatings 20, 22 may_ be npdul ati on- dop| ng

coatings, tunneliqnalizerhe pirées of the vgres UBRE GEEAYIC Op InoERARISrMPIagies dlaah vall cov-
functional Iy, ulbﬁtﬁbéﬁd @@th%@r@ 15{ r@t{ L &f ﬁl@tshl\fﬁgeyof tlSJ'@nrveféﬁ 3&1% n 1jra410w res 5

t hensel ves may coated wt r nore R species t6, an ere
Wi res cross, R ard8xpased oraimd. th@rsugfate laoret@rmal oﬁ/%Dy Wﬂﬂ hausaily gxm] and 4’4hemay be

d wth | 0
cnabl e one or DOLFLREREo eSO sEn BT S Lo B CMRetual s, o

di scussed bel ovind @08&4epihe: SiaPe] fivapsre @6t Mnﬂedrmcbut amwa&zd&mmmo@m DS
necessary to chem cal}l%?furc- tionalize the surface res using

of
organic or inor{ ity Rt CR a0 otheps. [aihisy ?S%ﬁrfaprfﬁnFﬁé %G-0O H
groups at tfe sypfagendbaniBoidy RS canaRiSiItdueRNith@RIMM (£ Bewis acid) or elec-

tron-donating groups (a Lewis base). This chemistry of binding molecules to a Si0,
passivated silicon surface is well established. One published example reaction for bind-

ing molecules to the surface of SiO, passivated silicon is:
20 Si-O-Huriaeey + R-Si(CH;),Cl = Si-O-Si(CH;),R + HCI

[0055] Other semiconductor wires can be functionalized with organo-amines, or-

gano-thiols, organo-phosphates, etc.

[0056] Apparently, no previous description of how to modulation-dope chemically
25  synthesized semiconductor wires has yet appeared in the technical literature.

[0057]  For the case of other nanowires, such as metal nanowires, the wires can be

chemically functionalized with RSH (for gold or silver wires), or R-NH, (for platinum

wires and palladium wires), or R-CO,H for other metals such as AlL,O;-coated alumi-

num wires or titanium wires), where the R-group denotes some organic moiety that -
30  will lend the wire certain chemical properties— such as the property that will allow the

person skilled inthe art to disperse the wires, as a colloid, in a solvent. In one example,



are exposed to air, a thin surface layer (1 M) O Si02 will naturally
form and at the Si02/air interface, the SiQ surface is term nated by

Si - O H bowo2/0898ups that will bind to or replace Si-O HPGTASPE4HAIE not
limted to but include R Si(CH3)' (OCCH3-'"), R-Si(CH3), (OCH2CH3-A
RS (CH3)xA3_,,, and others. In this case, Rrepresents an or 15 ganic or

inorgani c noiety that can contain electron-withdrawing (a Lewis acid) or

el ec- tron-donating groups (a Lewis base)13This chem stry of binding

nol ecules to a SiQ passivated silicon surface is well established. One
publ i shed exandodl wiescmigbhbd fmncti@inai&edwitg dn@tcemtﬂliels(ctzﬂszHé By rdpderenahiolSi Q
passi vated sili con. 11 Cl. i i ) 2R +
P 100551 or hdiPe Bl P RRyiRe % s Sl ot bl igk et it e G

or gano- am nes, for t-he Gnaure® tof Hel didpsrse DihGhnipde plgasiphatens, siehas he{x@ﬁkﬁtﬁ]ehl@sﬁﬁ&ﬁrﬁnt ly,
no previous description of how to nodul ati on-dope chemcally 25

synt hesi zed serrl conduct or Wi I es has yet appeared in the technical
literature. sic I PE ' RogEBowi res, such as netal

nanow res, the S I | - gol d
or silver wi res[\)ﬂbgsgr E?@Nﬁggw %rﬁg@i %% |Ar11&t§’nqe%\?\n&;ragegrhgnh pa’f F\naa&itb\%cnﬁ)&gvs\nwrtéés or
R-CO H for ot herenvelisttd such as AL 03-coated alum - numwres or ti tani urn

wires), where t g e SOe_,of, nlc |et d the
wire certain ch@ﬁ?ﬁ{al gglfgrbé Wl@orak% Gt a"g ?Sﬁr éﬁ?t@ cﬁ?&?nevﬁymlheséﬁ Ptgw t he
person skill ed dritdigneaeiichadudios paioS@red NSeiskck, 6%l zavs 1. 2082 0] dan. |9m9338§ol vent.

I n one exanple, WD 02/059984 PCT/ USQ1/ 47477 13 ol.d wires mght be

f uncti onal iFed W‘i(ﬂ d5geeRet il | Heet 915 QHjiquitselubngagises Af ﬁﬂlgle RoEtabnl y
will provide e idiin Sl THRIIGAPRIINBLENIDH BT 26303t Whid 2l so
allow for the wres to be dispersed in sinple organic sofvents, such as
hexane or chl ordf 8?9%). 5 Basic Informati on on Wre Preparation Rout es [00581

The 1ol fow ng iahen ahadTRenERY SAPSa0S: IROPMHE SR, 3RS OGN PN fE. T e!

erence |i sted. i con: P'ése n met hod
for the synthesdlgtrofle Eselyblest] Anmettcﬁem@ﬁﬂduvtﬂom PRNB0 F1038 (JulSej Bese, Vol .

279, pp. 208 211 &Ja 9, 1998).
Functionalizing Silicon: T. Vossmeyer et al, ‘Combinatorial approaches to-

ward patterning nanocrystals”, Journal of Applied Physics Vol. 84, pp. 3664-3670

(Oct. 1, 1998) (one of a number of references).
[0063] Functionalizing the Surfaces of Gold Nanostructures: D.V. Leff et al, ‘Ther-
modynamic Size Control of Au Nanocrystals: Experiment and Theory”, The Journal of

20  Physical Chemistry, Vol. 99, p. 7036-7041 (May 4, 1995).

[0064] Molecular switching components may come from any number of different
classes of molecules, depending, again, on the desired properties of the device. The
key requirement of the molecules is that, when they are sandwiched between two
wires, they may be electrochemically modified (i.e. oxidized or reduced) by applyinga
25  voltage across the wires. When the molecular components are so modified, the net ef-
fect is that the tunneling barrier between the two wires is modified, and the rate of cur-
rent flow is changed. This forms the basis of a switch that can, in turn, be used for
memory, logic operations, and communication and signal routing networks. Molecular
switches can include redox pairs of molecules, in which application of a voltage e-

30  duces one of the molecules and oxidizes the other. An example of such a molecular re-



10 [0060] Germanium JR Heath et al. "A liquid solution synthesis of
single crystal germani um quantum wi res", Chem cal Physics Letters, Vol.
208, pp. wW632/402684 (June 11, 1993). [0061] Metal Nanow r ePCTNISPI/4NMENhON et

al, 'Fabrication and Eval uati on of Nano- el ectrode Ensenbl es”. Anal 3ji cal
Chem stry Vol. 67, pp. 1920-1928 (Jul. 1, 1995). 15 [00621 Functionali zing
Silicon: T. Vossneyer et al, 'Conbinatorial approaches -b- ward patterning

nanocrystal s" ' Journal of Applied Physicl¥ol. 84, pp. 3664-3670 (Cct. 1,
1998) (one of a nunber of references). 100631 Functionalizing the Surfaces
of Gol d Nanost rdext pairemighDbd/. nitlefokeret (dadyclopditadienyhodieln mir Cpiiiz witlbaettabol  of

Au Nanocrystal s:. Experinent _and,Theory" ournal q 20 Physi cal
Chm tist Vol - gelaorpER ARy (BB, SRR et SOME Pow ¢ chi ng
conponents may conme from any nunber of different classes of nolecul es,
dependi ng, again, on the desired properties of the device. The ke
requirenent of the rideetigngs CoNifRBuNRRen ¢mdy tHeNBEndwi ched(hdt\Ween two
wires, they gmmy be electrochemcally nodified (i.e. oxidized or reduced) by
appl yi nga 25 voltage across the wires. Wien the nol ecul ar conponents are so
nodi fi ed, the n@6df- fect is that the tummeling barrier between the two
wires is nodified, and the rate of cir- rent flowis changed. This forns
the basis of a switch that can, in turn, be used for nenory, |ogic
operations, and commusKidgai) onCamNl +sBigNar, Sous,Nitgr BeNeer ks. Ml eoulway
swi tches can include redox pairs of nolecules, in which application of a
vol tage r 30 duces one of the nol ecul es and oxi di zes the other. An exanple
of such a ec r : / Ny [ i ght.. be:
ni ckel ocenenﬂj (di MQ% oglelérﬁ\?é%lg{gg%%%gfd%ﬁg )O%J§g%{cng?nFer3m&:}ﬁq%tt?§ JSP Bs
t yl ammoni um hexerbbagddryoohbisp phise cydBc 4bkmahetryT kschighdn etyimorefric $veh asywadint ibe:
(reduction) CP2N .+ BudNPF6 4 CP2N~ + .Bu4NPF6+ (-1.7 651 or .
Lot dat i on) CraNeioEoB aRpRRe BN BN ¢ byt e HabiEatt it

able magnetic memory. However, in the presence of oxygen, the reduction of nickeb-

cene is irreversible, as probed by solution phase voltammetry. In either case, reduction
15 or oxidation of this system will modify the tunneling barrier between the two wires be-
tween which the molecules are sandwiched. Thus, this system could operate as either a
reconfigurable, or a singly configurable molecular switch. For metallocene systems,
see, e.g., J.D.L. Holloway et al, ‘Electron-transfer reactions of metallocenes: Influence
of metal oxidation state on structure and reactivity”, Journal of the American Chemical

20  Society, Vol. 101, pp. 2038- 2044 (April 11, 1979).

[0067]  The connector species 16 comprises a material that displays a significant, or
measurable, hysteresis in its current-voltage curve, obtained either from solution elec-
trochemistry or from current-voltage characteristics ina solid-state junction. Examples
of such species disclosed in above-referenced application Serial No. 09/280,048 in-
25 clude metalocenes, rotaxanes, pseudo-rotaxanes, and catenanes, which rely on n-
tramolecular hydrogen bonding. While such molecules are useful for the purpose dis-
closed, however, simple intramolecular hydrogen bonding forces are relatively easily

exceeded under certain conditions, as discussed above.

30 Present Invention




10 [0066] The nickel ocene systemis of particular interest in that the
reduction, as probed by solution phase cyclic voltamretry, is highly
asynmet r i woSaokasymetry i s anal ogous to nmagneti zati on REINES0ES$I437 curves
that formthe basis for stable and rewite- able magnetic nmenory. However,
in the presence of oxygen, the reduction of nickeb- cene is irreversible,
as probed by solution phase voltamretry. In either case, reduction 15 or
oxidation of this systemw || nodify the t&inneling barrier between the two
Wi res b~ tween. which the nol ecul es are sandw ched. Thus, this system
coul d operate d8068]t hé acordameonth e pedstre inventica, s nrethoy of onffi ggninu@hﬂnene-

nol ecul ar swtch. For_ netall oc y et
o CTH ety on el R RS R eo b pipyel THE SN
oxi dation st at 298 b&l désdribe iR deric@E ttetidus patetOdpplicdkioRf td WRICAIRY pissait
Chem cal 20 Societ Vol. 101, pp. 2038- 204 April 11, 1979 £0067% The

connect or specia@BlicaEor dfrselated sand Hitieck pbare (tsﬁlaﬁgl Hﬂ@lﬁﬂfsaﬁg/zﬁo 43 grﬂ9 28848%, or
measur abl e, shysjo@regsks. d97}826§5 ‘E)?fz%%ﬁ.g Y0l 68D, YT obt ai ned ei ther from

sol ution el ec- trochenistry rom current-vol te)lge characteristics in a
solid-state j ur[0069(})n Ecqmqshxasnveoﬁorsmohdsmemthsitd/l\slmblo&ednsemble of moleau-

above-referenc VE@L%&“ ontSer al . 09/@80 n 25 Cl‘Hdde me&al ocenes,
r ot axanes, pse RdEe 1811?18 LHPERATRY b gon %urf’ A BETRE ¥Parh8i%cul ar
hydrogen bondi n@se, Waiibséingids ReAdBd L EubR SheddoRfitEidA to bekubshetiglyrieasfeal s

cl osed, however, sinple intranolecul ar hydrogen bonding forces are

rel atively easidgtherssaseauiiplehneles Baks We AVESHEPE Bissy” Sﬁéhaﬂ itsellaebivithove.
30 Present jlynvepti gp e%@r%s’eoﬁl% %@ﬁ%égug;{{oy%o&étﬂlﬁz& to belnd AORBLd bk3GE %rﬁfance

with the present invention, configuring nanorre- ter-sca
el ectronic swi thyhb@nals&@nbu@d in a cross-bar circuit is provided. These

circuits have descri.bed.in es of nt tlons
S0 ohi oh the o BEAR, TR bRy Bl o Herbhe bin BBt ERivE R i
Nunber s 09/ 280, s225on B9/nodenlkdds bedn RHoRMAtelSRe, HO)/ Sﬁanﬁﬁﬁmdﬁgkﬁ&%hw and

09/ 280,048 ). [00691 The present invention provides a nethod by whjch the
ensenbl e of ol WeLivityy Chgmicah&Engineering Newsinyf7 glan8.208¥s erontsast Wik the

confi gured 4isn asnﬂﬁtﬁﬁ(‘(fe'sé?ﬁ)gd-ﬂ@ﬁﬁe 1itdPat@@Ethe method of the present invention utilizes mok-

cules that are reconfigurable but does not use the extra chemical elements weakly
bonded to the base of the molecule. In one case, a replacement chemical reaction is
used to increase binding, and in the other case, the special design of the molecular
structure is used to take advantage of the multiple hydrogen bonding.
20 [0071] In particular, the teachings of the present invention provide two schemes for
forming stable switches.
[0072] In the first scheme, molecular switchable devices, based on hydrogen bond-
ing, are configured in the cross-bar geometry. An external bias voltage is applied at se-
lected nodes of the cross-bar system, and, while the field is applied, a chemical ®eaction
25  is performed that replaces the hydrogen bond with either a positively charged group or
with a negatively charged group, thereby essentially locking the switch at that node
substantially permanently into one configuration.
[0073] In the second scheme, a molecule is synthesized having a plurality of lydro-
gen bonding sites that are adjacent each other. Such a configuration requires more en-
30 ergy to switch than a single hydrogen bonding site. The molecule will not switch back

at room temperature unless an opposite polarity electric field is applied.



case, a substitution reaction causes the configuration to be substantially
permanent; in another case, multiple dipoles nake the switch nore tticky"
so that iwowelok99sot switch 10 back. In either case, the cecfiupar/am4ron is
not subject to being switched back and forth by thermal fluctuations.

[ 00701 The principal possibility of increased binding through the use of
multiple sites on the nolecule has been denonstrated; see, e.g., 'Stronger
bi ndi ng through b o- operativity" Chem cal6 & Engi neering Ne p. 57 (My 8,
2000). In contrast with the 15 situation described. in the literature, the
met hod of the Qo@E™ENt Both\selies Areudischissz@i gredoer detall éslotvhaith axenplaqeoadidegur abl e
but does not use.the extra chem ca l.enent s weakl bonded to the hase of
the nmol ecul e. 1% ﬂi}ﬁ'éat‘éﬁ?& °p§rafl%‘bﬁ‘ég% PRAOC e AMOST St%@%é‘f”it s pehieyg é‘?j&tab

i ncrease bi ndi Rghre 8oy A rdiBePINBVitck &RQIevitOButTIP RS tidserti@fé 8An &f refiiRd for

mol ecul ar structure I's used to take advantage of the nultiple hydrogen
bondi ng. 20 [ OClElpoE sopaen brsittde molepdes thaterd hrged e singirehyjdregse hendingyvent i on
provi de two.schenes for formng stable switches. [0072] In the first
schenme, nol eécul ar swi tchabl e devi ces, based on hydrogen bond- ing, are
configured in t¢heminabRepldramerg®eawipn yn thARresettce il AfyliadFietd t age is applied

at &- lected of , the cross-bar syste and, ile the field i

applied, a _che[l&g%f I iﬁec]_?rie%?ﬁt BRentign ﬁ]é‘?‘%'lso“roﬂg]%‘mtnﬁg@é %ﬁ?@%ég"ltfk_hgevhﬁ?ﬂ P’%‘Ben

bond wi th eitheke doitOphaibieR| FhakRasOREd E618¢HRsOK cotrblitdabyne@alt inelisleahar ged

group, thereby essenti al Icg/ | ocking the switch at that node substantially
1y

per manent | y i ntfercghee-Bohdreasn donding)- Tbo7is 1dons by eryermdedendnias ¥lifst ecul e
| s, synt hesiged A B9 dbsiflddtbh bY RloslitdhOapdlaitiaRARILNG SLbRRal Mafic e

adj acent each other. Such a configuration requires nore en- 0 ergy to
switch than a diistgplemblgdregen sibpretionap sidnel fiFhle themhad switehing fola wong poi-t ch

back at room tenperature unl ess. site polarity electric.field.|s
ool ed. W0 0o/ BBg58E B bR R A2 Trshs BreBi wErERs it BichSsed
in greater detatpladeeltihydbded FE¥AMtREe POGMTNE Gharkdd drblp)deh@t® Zt, RedH as
operation. In both instances, a nore stable switch is_achieved in that
more energy is Weydivakeat mealdMede And the like vr %2 sienegresatively qhagesh eonps4ch han

i's required sf Oy flyorine or chlorine.

[0076] For example, Compound 1(a) below is an ekample of a molecule having a
dipole group. In the method of the present invention, this compound is first formed, or
deposited, at the junctions of the cross-bar device. An external bias is applied to se-
lected junctions, and during application of the field, Compound 1(a) is reacted with a
20  negatively charged group, such as fluorine (or chlorine), to place the group in the 4-
position on the acridone ring system, as shown as Compound 1(b). The F group then
forms an associative bond to the nitrogen of the NH, group; this bond is stronger than
a hydrogen bond, specifically, at least three time stronger.
[0077] Alternatively, during application of the external field, Compound 1(a) is e-
25  acted with a positively charged group, denoted Z" (e.g., NH, or divalent metal Met), to
place the group in the 5-position on the acridone ring system, as shown as Compound
1(c). In this case, the Z" group then forms an associative bond to the carbonyl oxygen.
Again, this bond is at least three times stronger than a hydrogen bond.
[0078]  Again alternatively, during application of the external field, Compound 1(a)

30 is reacted with sulfur, which places S in the 5-position on the acridone ring system, as



t he nore common bi-stable nolecules that are based on single hydrogen

bondi ng. Chem cal Repl acenent Reaction in the Presence of an Applied Field
100751 Thwoprees®st i nvention allows configuring the nol ec®Carusswittdch
devices whle the conformational change of the nolecules is controlled by
weak intranol ecalar forces (e.g., hydrogen bonding). This is done by

appl ying an external bias voltage 10 across the desired switch by choosing
t he appropriate nodes in a crossbar. Wil &@7the bistable nolecules are
subject to an external field, thermal switching to a wong pod- tion is
energetical | y pshotvhlastGthpoddd 1(datinithistcaset S fannshemfbvzazbdnt bemt tvitbrthd carbamyt | at ed

whi ch replaces the rogen. H a str 05|t| charged group,
denoted Z, such®d§™ % eg‘?r\faf’%ﬁgs%’tgéqt 5)r°g§ﬂ OIE e like, or by a strong

negatively char@egh)gr aup of G &dtegoliy @&tlﬁhé&hlb%ex%mﬁ@lrpthé p@senéﬁ&?a%ta(l}@
exanpl e, Conpound | (a) below is an exanple of a nol ecul e having a ol e
group. In the nEtsaed odfr suilebls regdnthe) markask 9fdhe presrnt inyeoBUhETY gerferal o
formed, or 5dep‘9§1| &11%@}‘ nf%ﬂr@ng MBI&QX%%H&@CU&JP%G&E&% gp actﬂ:gff ﬁ’l%e ni I{f
external bias is applie | ecte unct1ons uring application of
the field, Conpmuﬂdﬂoy@asmHSmﬁeﬂmkﬁdnm)th a 20 negatively charged group,
such as quorlne Qr chlorine), to place the gro in the 4- position on
the acridone HWB Yy s %‘H?laré%ngsWB\f\?fe@én Fo(diraky ropRdn IﬁledP@EFbletlﬁéﬁ
forms an associ lﬁflie\d%ybéiﬂﬂlﬁthé heiid th@%glngfmmaleuh& &' iboutd () RoMEL 1 S
stronger than a hydrogen bond, specifically, at |east three tlne stronger.
[ 00771 Al t er natlingg ks shogrip rf@nmpm b&t ioohy é‘szt Qre(demltsetb mftal,fasehwn @oGpound

| (a) is r- act e t tlvel Z NH2
or dival ent met&l" ?il/b{%? IQ?WCVQ ace %w%r oup u|Sen Phe kb%gN ?1&%%13 &y
acridone ring swstEm thafghsdﬁ@nghraﬁanwﬂdm&ﬁg:)snul ;B'énhhlsmt@lﬂﬁgbaékh@ thhe

group then forns an associative bond to the carbonyl oxygen. Again, this
bond is at | easttherisiaie behrapdrestpragybelds omparedii the sareref poingle hydrogebopgai n

al ternatively, @ugfingpApR!da62bt OOmP D XeOWOR! 1 8 bo RN AL !
is reacted wt hﬂsu{]f ur, V\:hdIaCh p?acgsungq?r%’ ﬁ?e 5-pos }%Lonoon t e acrbﬁl?one ,
ring system assti@e dRIOEagSiA tROIAUSOAE 4hediydrogdy atolmosrepdse Coypadiunc strofgl) . 1 n
this case, 3 TolTRed 150 B & W r Rt I b dGnE BB Held is tumed off at that jurc-

tion, the bi-stable molecule is “locked” in the configuration provided, and is stable

against at least moderate increases in temperature or spurious electric fields.



oxygen; the covalent bond is stronger than a hydrogen bond. [0079] Any of
the foregoing reactions can be perfornmed in the presence of a catalyst or
sonme ot hewosnios®Bl e agent. The nmethod of the present i nvem®Cirarsoi/g749ery
general and 5 will allow a configuring of arbitrary nol ecul ar devices with
practically indefinite lif- tinme (>10 years at roomtenperature). [00801
Summari zing the foregoing, the active (dipole) group in the nolecule is
sti- bilized by replacing the Hsite in the& original nolecule such as
Conpound | (a) by flto- rine, as shown in Conpound | (b), or by NH2 or
(divalent) metal, as shown iﬁ Com 10 pound 1(c). FQ¥ﬁver, t he associ ative
bonds used in Conpounds | (b) ? and 1(6) (Z#: 2 Q hough stronger

t han hydrogen bonding, still permt sw tching bac he other state, but
require stronger fields co S\ Nio \\case of h drogen bond.
[0081] In the case of Co | weak ) $ replaced by
a strong ionic bond. In { 5 t he hydrogey atoepl aced by
sul fur, a strong 15 covale s fornmed N OMe€ 't he externa

field is turned off at that jurrdl tion, the bi-stable ol ecule is "l ocked"
in the configuration provi dé#, afld is stéﬁ?é\\g?aM@st @t | east noderate

i ncreases in tenperatur$ or spurious electric ™melds. W 02/059984

PCT/ USO01/ 47477 18 NH2" ¥r Ohﬁ" H2ZN 'r 0 NN | (%% 0 1(b) O NH2~--r 0 Z

' Z+--NH2, Met) NH2~--r O S ﬁh\ggspfgﬂ(jﬁﬂh%ﬁﬁﬁctl oLpnpound 1 (a). to
form Conmpounds 1 (b) - | (d) [00821 F¢rnula (1) bel ow fepregents a

swi tchabl e nol ecule with a s e 5 (switghabl®) dipole group, kept

in the particular configu @

(repl acenent reactions 1
1) 1(d)

Reactions of Compound 1(a) to form Compounds 1(b) -1(d)

[0082] Formula (I) below represents a switchable molecule with a single active
5  (switchable) dipole group, kept in the particular configuration by hydrogen bonding to

sites E or D (replacement reactions 1 above).
]?/A M J \(F
D i E

HN Y

10

M

where the letters in formula (I) mean any of the following:

15 A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-

ester or thioester;



MJ~ C:nF 10 1 H2ZN Y where the letters in forrmula (1) nean any of the
followng: 15 A=CH N GCalkyl; Chalogen;'CGOH GC OR(ether);

C- SR(t hi owphey998C- am de; C ester or thioester; B = CH NRCT@GSal/kpul7
C-halogen; ; CGOH COR(ether); CSR(thioether); C-amde; C ester or

t hi oester; WD 02/059984 PCT/US01/47477 19 C = CH, N, C-al kyl; C- hal ogen;
COH COR(ether); CSR(thioether); Gam de; C ester or thioester; D~ CH
N, Calkyl; C halogen; CGOH C-OR(ether); 1€ SR(thioether); C-amde; C
ester or thioester; 5 E=CH N GCalkyl; Chalogen; COH GC OR(ether)
C- SR(t hi oet her )¢ =GaHi die;C-LkyleSthelogar;, G-OH) €50B(ethel); €-Ek{(thidéthdD); l-kyide; C-
C- hal ogen; C- oH G CRQ et her) C-SR(thi oether); Camde; C ester or

t hi oester: = Bigr ONfhiasstE; kyI C- hal ogen; C-OH. C OR(ether):

G- SR(t hi oet her )b -Capt, de;C-Giyll 01aRket; QOH; i ORGIRE); GISR(ttibbthdN; CCardildisyt-
C- hal ogen; C OH; C—CR et heﬂ C SR(t hi oether); C-amde; C ester or

t hi oest er; @qror@foestemlz CHOCH3; CHOH, CHF; CO CH=CH, CR,-CH2; S; O;

NH, NR N CC%QH %ﬁ-{ 8 u Dherftd ){ Oz S.
Substi t ut ecci:gl\?/bl ecul e’ fo%r tcl 10%'5@5/9%9?9;&268%“%%??%%%1 e'I'fﬁle Fol Tow ng
reactions 2-5 agsterar thgwstexanpl es of nultipl e enhanced hydro-

F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-

ester or thioester;
G = CH; N; C-alkyl; G-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
10  ester or thioester;
J = CH; N; C-alkyl; Chalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
M = CH; ; CF,; CCL; CHOCH;; CHOH; CHF; CO; CH=CH; CH-CH,; S; O; NH;
NR; NCOR; NCOA;
15 Q= CH; nitrogen; phosphorus; boron; and
Y=0;8.

Substituted Molecules for Multiple Hydrogen Bonding

[0083] The following reactions 2-5 are a few examples of niultiple enhanced hydro-
20  gen bonding to stabilize the (bistable) position of the centered pinwheel dipole. Rea-
tions 2 and 3 demonstrate how intra-molecular hydrogen bonding of the multiple urea
or amide group can increase the hydrogen bonding energy (E=nEwu... 0=yt mEc.
1.. o=c) by about 12 to 18 Kcal/mol (or 0.5 to 0.8 V). This will approximately quad-
ruple the barrier for rotating the central dipole, since it would involve now the breking
25  of the hydrogen bonds with two side dipole groups O-NHo. It will be noted that this
will enhance the stability of centrally located urea dipole to about3 to 4 times more
stable than the case without side dipolar groups; without the help of both side extra
two dipoles, its hydrogen bonding energy E is about 5 Kcal/mole or 0.2 eV.
[0084] The reaction scheme below (reaction 2) depicts a first multiple stabilized di-

30  pole, based on the presence of a plurality (shown here, three) urea functional groups.

CH OH
A (A= NH, CH2, etc)

NN
‘\'



20 gen bonding to stabilize the (bistable) position of the centered

pi nwheel dipole. Rex- tions 2 and 3 denonstrate how i ntra-nol ecul ar

hydr ogen worwdiosgysof the nultiple urea or am de group canPCRArSeas®71 he
hydr ogen bondi ng energy (E=nE~N-H... O=C) + nE(c- H. .. O=c) by about 12 to
18 Kcal/mol (or 0.5 to 0.8 eV). This will approximtely quad- ruple the
barrier for rotating the central dipole, since it would involve now the
breddng 25 of the hydrogen bonds with two2&i de di pole groups O NH2- It wll
be noted that this wll enhance the stability of centrally |ocated urea
dipole to about 3 to 4 tinmes nore stable than the case w thout side

di pol ar groups; without the help of both side extra two dipoles, its

hydr ogen bondi ng energy E is about 5 Kcal/nole or 0.2 eV. [00841 The
reacti on scheme bel ow (reaction 2) depicts a first nultiple stabilized a-
30 pol e, based on the presence of a plurality (shown here, three) urea
functional groups. CH OH A~ NA (A= NH CH2, etc) H I- H N'D- Q" N
~CN' 0:' H NO H---H -H W 02/059984 PCT/US01/47477 20 5 10 Reaction
2 10085] The reaction schenme below (reaction 3) depicts a second nmultiple
stabili2ed 15 dipole, based on the presence of a plurality (shown here,
three) amde functional groups. 20 CH'"PHA O OB N 25 H CH,

10
Reaction 2
[0085]  The reaction scheme below (reaction 3) depicts a second multiple stabilized

15 dipole, based on the presence of a plurality (shown here, three) amide functional

groups.

20

25

— -

E-Field Direction { l E-Field Direction

—

30

JH H H



INO~," INO,~,~ N O HHH E-Field Direction E-Field Direction 30 CH

HAO0OO0B ~H, ,~C, H?H OIN""ON-"OINI " H H HW 02/ 059984
PCT/ USO1/vWo42/p59984 5 Reaction 3 [0086] The foll ow ng reacPCanso(/#aacti ons
4, 5, and 6) are exanples of making use of the NH ... F bond to increase
t he hydrogen bonding energy E CH-OH 100 NH - --F-H ~~~0,, NF IN
F-- INI H~HH 15 E-Field Direction E-Field Direction + CH-OH-HH 20
H, ""C H_ ~~H-~1 ----F N 21

5 Reaction 3

[0086]  The following reactions (reactions 4, 5, and 6) are examples of making use

of the N-H---F bond to increase the hydrogen bonding energy E.

CHs, OH
10 ¢
N LN (F
N N SNF
H “H H
15 E-Field Direction E-Field Direction
— —— 4 S —_—
20
25
30
E-Field Direction l E-Field Direction
— - 3 + — .,
35

i~ . _sC HEY
F N _O N__fg N
- H
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PCT/USQ / 47477 22 Reaction 5 CHOH 10 AB N H,

H NF

,ONH H H Reaction 4 CH,", H25 ABaAH,--,FFH F INF-- |,
. INF H HH 30 E-Field Direction E-Field Direction 35 C~QHA
~ WO 02/ 059984 ~H F. IN,~-ONI| ----FIN H' H HPMWGRI/QEID84

10

15

20

25

30

35

40

22

Reaction 5

— —  — -

E-Field Direction N J E-Field Direction

Reaction 6

-NN~C, 0O HI NF'H

[0087] Formula (II) below represents a switchable molecule with a multiply coupled

active (switchable) dipole group in the middle of the molecule stabilized by multiple

hydrogen bonding to switchable groups place on the side of the central dipole group

(multiple hydrogen bonding reactions 2-6 above):

J AL _M_ _J___A
OO
FS—/C FA—’C
SETTDT QT ET I
/J\Y—--HZN/I\Y---HZN Y

(1D

HoN



1I5H H E-Field Direction E-Field Direction + 20 CHOHA B N K-r,\ 25
1?2 '"~C-NHF NH, FNH H 30 Reaction 6 [00871 Fornula (11) bel ow

repr esentwoazemosLhabl e nol ecule with a multiply coupl ed PagtiseE47477
(switchabl e) dipole group in the mddle of the nolecule stabilized by
mul ti pl e hydrogen bonding to swi tchable groups place on the side of the
central dipole group 35 (nultiple hydrogen bonding reactions 2-6 above):
,J-, AMJ", ~A,, GBOB 0Q :01, 1 B3BDK 1~1 DU 40 H2N ZkY---H2N
Y---H2N Y (11) WD 02/ 059984 PCT/ US01/ 47477 23 where the letters in
formula (11) mean any of the foll ow ng A =CH N, Calkyl; C halogen;

C- OH, G OR(ether thl eth Cf: ester or thioester; 5 B =
CH, N Calkyl; %‘frﬁgféiﬂéﬂ?m %—Qh) @ewné’toﬁgfe) oll¥IRg ¢ hi oet her): G- ani de;
C A = CH; N; C-alkyl; G-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
5 B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
C = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
D = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
10  ester or thioester;
E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
~ esteror thioester;
15 G = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
J = CH; N; C-alkyl, C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
M = CH, ; CF,; CCl;; CHOCH;; CHOH; CHF; CO; CH=CH; CH:-CH,; S; O; NH;
20 NR; NCOR; NCOAr;
Q = CH; nitrogen; phosphorus; boron; and
Y=0;8S.
[0088]  The technology disclosed and claimed herein for forming crossed wires (mi-
crometer or nanometer) may be used to perform a variety of functions and to form a
25  variety of useful devices and circuits for implementing computing on amicroscale and
even on a nanoscale. Molecular wire crossbar interconnects (MWCI) for signal routing
and communications are disclosed and claimed in related application Serial No.
09/280,255; molecular wire crossbar memory is disclosed and claimed in related
application Serial No. 09/280,189; molecular wire crossbar logic (MWCL) employing
30 programmable logic arrays is disclosed and claimed in related application Serial No.

09/282,045; a demultiplexer for a MWC network is disclosed and claimed in related



ester or thioester; C=CH N Calkyl; Chalogen; COH C OR(ether);
C-SR(thioether); Camde; C ester or thioester; D= CH N GCalkyl;
C- hal ogermvo@2@5998C- OR( et her); C SR(t hi oet her); Gam de; C- PCO/USS1/€M47Dr
thioester; E=CH N, Calkyl; Chalogen; COH C OR(ether);

C- SR(thioether); Gamde; C ester or thioester; F =CH N GCalkyl;
C-hal ogen; CGOH, C OR(ether); C SR(thioether); Camde; C ester or
thioester; 15 G=CH N, Cal kyl; C-halogé#, COH C OR(ether);
C-SR(thioether); Camde; C ester or thioester; J = CH N GC-alkyl;
C hal ogen; G OHipplsatrg Sehadr)o. ©/28RO8KI andt heleqular Gviagriraiesista®s arsdislosed and

thioester; M= CH2: CF .: CCl2: .. ; : F: . X -CHz2; S
0; NH 20 NR %Eas?m&a‘&f‘@%c ?gkﬁ{‘%lﬁ%Ogmhgg;ﬂhﬁ%S?%&?ﬁ: ey 0, S.
100881 The techjoogagy Adiisatasech BIG] 2¢ i swieh hebethe fraent! @h bedpBcfELmSed
wires (m- croneter. or nanoneter) nmay be used to performa variety of

) . )
functions and t@¥orgmgrsipnabarayie foasme Rpraliyepigrrayelf elsavitches teiferana erossoary

i Npl ementi ng; ORI MG, ekt &%9@91@4f;%0§9& ViR 0erBBn & MRRPSARL A tMYlBEH! ar
W re crossbar interconnects (MACI) for signal routing and conmunications

are di scl osed aadnwhker neeleinents, oF awitches pp Hieaty.drecSerto alsinkte. poird.9Y.28%h, 2655,

nol ecul ar wire ¢rosshar nenory is di.scl,0s and clajned.ip rel at

appl i cation Serifoélg%xlg.np rﬁﬁ)n%vﬁ?lt P W &l grto W%Eafb%@g lﬁréﬁlelsgtfl Oﬁ%\m)
enpl oyi ng 30 prlegianspeditseld sghe jlktiay theiesf, dis sledcabed amnd. Thiaj seeksith eadl at ed
application Serial. Nq. g?/ 282, ge4 ; a denultiplexer for a MAC network is
di scl osed and cJ!u%‘?t‘r?Bds JeAdipyeFvatiah cortiehEe ey B EISEFi?CWd‘?Wm@Mm accor-

appl i cati om gSerdaate Wah tRHeAB ol ASein@PEailPd e bitat¥n o2 thd @BsbalsRish S

di scl osed and
60 are further discussed in related application Serial No. 09/280,225.

[0090] Thus, there has been disclosed chemically synthesized and assembled elec-
tronic devices comprising crossed wires joined by electrochemically switchable
15 molecular species at the intersecting junctions. It will be apparent to those skilled in
this art that various changes and modifications of an obvious nature may be made, and
all such changes and modifications are considered to fall within the scope of the -

pended claims.

20



claimed in related application Serial No. 09/280,188, all filed on March
29, 1999. 00891 As illustrated in FIG 2, the switch 10 of the present
can be repbiccas®esin a two-dinensional array to form a plparaiSot/y747or
array, 60 of switches to forma crossbar 5 switch. FIG 2 depicts a 6x6
array 60, but the invention is not so limted to the partica- |ar nunber of
el ements, or switches, in the array. Access to a single point, e.g., 2b, is
done by inpressing voltage on wires 2 and2p to cause a change in the state
of the nmo- |ecular species 18 at the junction thereof, as described above.
Thus, access to each junction is readi CLABMSi | able for configuring only
those presel ected junctions in accor 10 dance with the teachings herein.
Details of the operation of the crossbar switch array 60 are further

di scussed in relpitgdChpmddlsati on Serial No. 09/280,225. [00901 Thus, there
has been di scl osed chemi cally synthesized and assenbl ed el x- troni c devices
conprising crossed wires joined by electrochemcally swtchable 15

mol ecul ar sgeci es a \hgehdH & SREEIRY dn WIS mdibcud kvithRs RPPAE&Rbed ©
those skilled in this art that various changes and nodifications of an

obvi ous nat ur e mapebie qresdear gaordetnaiid e making sepdiscoafighratiandiithprcswbitentiallar e
considered to fall_ wthi he.sco of the + pepded j 2

ool 50084 Py U Rl R bl @ i RERGS VAT meitll. )
configuring an ensenbl e @f) padlidingbad eramblevdnolatular prieches inbaaid crosbares- | n
crossbar geonetry and then nmaki q% such conf.i, uratior} eith r,su%%i ally
per manent or st¥HU: fRhadegaettEcS W FOPRTRS 2 Al il PR heirey ithg the
steps of : (1&) PBuRYibAWRSreDRE i€ RERIRLLo1REr AR BGW Afier MnlERAR L&, Sai d
crossbar g~- onetry, each said nolecular switch conprising a pair of
crossed wires that form &) PI@idipgead BRctigicrigh Baeastgnesoriestos srecighermed- at  an
angl e ot her than, 265 BuifGALEES wieb) inREG hlllifd sHRAHUNENAM HhdlnBlirh &3St
one connector speclieS conned- I1ng sard’palr’o rossed wres 1 n sal
junction, said siamniatad @ngdfon mgnandters od mdmahetels,nierein said at least one connector

species and said pair of crossed wires forms an electrochemical cell, said connector

15 Speéies comprising a molecule having at least one active dipole; and
(c) either substantially permanently configuring said connector species
where said connector species has one active dipole or stably configuring said connector

species where said connector species has more than one active dipole.

20 2. The method of Claim 1 wherein said configuration is made substantially per-
manent by forming a single bond within said connector species that is at least three

times stronger than a hydrogen bond.

3. The method of Claim 2 wherein said connector species is substantially per-
25  manently configured by the following steps:
(a) forming said connector species in said junction;
(b) applying an external electric field to said junction to configure said
connector species;
(c) replacing a hydrogen atom with a species that forms a bond with a

30  portion of said dipole that is stronger than said hydrogen bond; and



sion in a range fromnanoneters to mcroneters, wherein said at | east one
connector species and said pair of crossed wires forns an el ectrochem cal
cel |, saiwoaemstor 15 species conprising a nol ecul e havcagsat/4i4egast one
active dipole; and (c) either substantially permanently configuring said
connector species where said connector species has one active dipole or
stably configuring said connector species where said connector species has
nore than one active dipole. 20 2. The nmettod of Caim1l wherein said
configuration is made substantially per- manent by form ng a single bond

wi thin said connector spé&diresovitpdaid decarfic fidddeavingrseid swittimabstahtiatipgetma-t han a
hydr ogen bond. 3. The nethod of Caim2 wherein said connector species is
substantially dEPﬂy@§aWéﬁ%ﬁ@¥§m80nfigured by the follow ng steps: (a)

form ng said connector species in said junction; (b) applying an external
electric field to said junction to configure said connector species; (c)
repl aci ng a hydr oged Zhomethpd pf Gaispwhersintspid hydrogarsntan isaerlacgfl bha member

portion of sai [ t hat | ol i€ h ' WO

b2/ 050054 por UEBTA 58 5P sShSHBRF ALA, FRlihel KoF WRBRPREEL, AHLTE i
swi tch substantfiual |y perna- nently in said configuration. 4. The met hod of
Claim 3 wherein said hydrogen atomis replaced by a nenber 5 selected from
the group consisting of fluorine, chlorine, NFL, divalent netal, and sul -
fur. 5. The nmethod of Tht &icfod MIBLIRI NwhatEl BRIVIREIRT sHRES ir@SaiisCiBichsble

swi tchable by enploying associative bonds selected fromthe group

consi sting of Pby ¢wpleying assopjative1lgpnNg gedected froqn thgh gropmsersisting ofE-NhetaN,( Met )
is said divagle al d.caonne .Speci,e e i.ng.sw tchable u
exposur e t o tan ears (RO A RIRTNED SREk SRR G e R T P B e ogen
bond. 6. The nehfeditcHablel pbiedpostierteia efaird RONABLEA siBdQH SSatérSthamshed

per manent |y
hydrogen bond.

6. The method of Claim 4 wherein said connector species is made permanently

15  configured by forming a covalent bond between said sulfur and oxygen.

7. The method of Claim 2 wherein said connector species has a formula given

by
A M J~
20 , B G
CQI :[QF
D /i\ E
HoN Y
@

25
where the letters in formula (I) mean any of the following:
A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
B = CH; N; C-alkyl; G-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-

30  ester or thioester;



15 configured by form ng a coval ent bond between said sul fur and oxygen. 7.
The nmethod of Claim2 wherein said connector species has a fornula given
by MJ"~ wP@2@5P98E H2N Y 25 where the letters in fornmul Cf)Somean’ any of
the followng: A=CH N GCalkyl; Chalogen; COH C OR(ether);
C-SR(thioether); Camde; C ester or thioester; B=CH N Calkyl;
C-halogen; ; CGOH C OR(ether); C SR(thioether); Camde; C 30 ester or

t hi oester; WO 02/059984 PCT/US01/47477 227C = CH, N, C-al kyl; C-hal ogen;
COH COR(ether); CGSR(thioether); C-amde; C ester or thioester; D = CH
N, G al kyl; G| Cat&fbny; Gast, ChaBRest GM);; C-ORSRI¢)i ©SR(ibioptherD- Gaingle; CC-
ester or thi oestef\r; %.E = CH N C-alkyl; Chalogen;, CGOH C OR(ether);

C- SR(t hi oet her) SE%A 18%@?“’0 ester or thioester; F =CH N, Calkyl;

C- hal ogen; C- CHD €CBR(¢t Oalky]; ChaibiehhC-o8t; eOR (etheri -8R thioethed;t ©€amide; C-
thioester; G=CH N, Calkyl; Chalogen;, CGOH C- OR(ether);

C- SR(t hi oet her ) SS%ECafRigRster’C. 10 ester or thioester; J = CH N C al kyl

Chroeeter oS ORISR RO IR it o
NH; ester or thioester;
F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester; |
G = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
10  ester or thioester;
J = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
M = CH; ; CF;; CCl;; CHOCH;; CHOH; CHF; CO; CH=CH, CH-CH,; S; O; NH;
NR; NCOR; NCOAr; ,
15 Q= CH; nitrogen; phosphorus; boron; and
Y=0;8S.

8. The method of Claim 1 wherein said configuration is made stable by forming
a plurality of hydrogen bonds within said connector species.
20
9. The method of Claim 8 wherein said connector species is stabilized in one of
two stable states by the following steps:
(a) providing said plurality of dipole groups on said connector species,
each capable of hydrogen bonding with an adjacent dipole group on said connector
25  species;
(b) forming said connector species in said junction;
(c) applying an external electric field to said junction to configure said
connector species; and
(d) removing said electric field, leaving said switch in said stabilized

30  configuration.



NR; NCOR, NCQAr; 1 15 Q CH, nitrogen; phosphorus; boron; and Y 0; S. 8.
The nmethod of Claiml wherein said configuration is nmade stable by form ng
a plural iwg 0afs54984lr ogen bonds wit hin said connector speci ®ST/UN1/9747The

met hod of Claim8 wherein said connector species is stabilized in one of
two stable states by the following steps: (a) providing said plurality of
di pol e groups on said connector species, each capable of hydrogen bondi ng
wi th an adjacent dipole group on said cong&ctor 25 species; (b) formng
sai d connector species in said junction; (c) applying an external electric
field to said junctildnThometbed pigiinien § athereinconipogrospevmpsse werdor(adjide
renovi ng said e%cttrlc field, leaving said switch in said stabilized 30
confi gurati on. 089984 PCT/ US01/ 47477 28 10. The nethod of C aim 9
wherein said dipole groups conprise urea or ande functl onal groups. 11.

The nethod of C aim 10 wherein said dipole groups . F bonds 5
to increase hydrogen IbShamagokeerlain 1Ol’QhefqiﬁéalﬁétHﬁ’é?cEr@fps%i%%ﬂ/ﬁeﬁr‘)@fl% sai d

connector specigs b Mgy by i AMJI' ~ 1, A 10 GOBB co, 0 U
ED" Q: [ﬁ%ll{ﬁ?%%ﬂRA&%E%N @%- Ry

12. The method of Claim 8 wherein said connector species has a formula given

by

E OO JOIO!
FC FHC

15
where the letters in formula (II) mean any of the following;:
A = CH; N; C-alkyl; Ghalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
20  ester or thioester; _
C = CH; N; C-alkyl; G-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
D = CH; N; C-alkyl; Chalogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
25 E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
_ester or thioester;
F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-
ester or thioester;
G = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide; C-

30 ester or thioester;



15 where the letters in forrmula (11) nean any of the following: A= CH N,
C-al kyl; C halogen;, CGOH C OR(ether); C SR(thioether); Camde; C ester
or thioeswero2/o®984 CH, N, C-al kyl; C-halogen; ; COH C ORPerhes0)/47477
C-SR(thioether); Carfiide; G 20 ester or thioester; C=CH N GCalkyl;
C-hal ogen; CGOH, COR(ether); CSR(thioether); C-amde; C ester or
thioester; D= CH N GCalkyl; Chalogen; C011; C OR(ether);
C-SR(thioether); Camde; C ester or thidgster; 256 E = CH N, Calkyl;
C-hal ogen; CGOH, COR(ether); CSR(thioether); Camde; C ester or

thi oester; F = JGHCPNNCEaIMnyQ—hIBang 6efeit; CORRetherl- ORRéthfnesther); C-amide; C-

C- SR(t hi oet her) ; ¢ e, C- ester or thioester; G=CH N, Calkyl;

C hal ogen; G OF ercf)%g() YHer): C SR(thioether): C-amide: G 30 ester or

t hi oester: V\D QZ/=O&Q[98€FE’@'¢ILJSQ1®€FI§%7(7HOH9 CHFz COLCHY.CIG- Glibk@H5; SCOhaliagen;
CoH C CR(et herg C SR(thl oether); C-amde; C ester or thioester; M=
CHz; cF2; cc12;N . CHF;, CO CH=CH CH,-CH2; S; 0; NH NR NCOR

NCOAr; 5 Q 5 Chy—Rigf:F gg%@m PRBARAR! HstonRA40N; and Y= 0; S
Y=0;S.



