WO 02/ 059984 PCT/ USOL/ 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

devices 25 wsed as buil di ' ed structures,
and to the t hods for forS?%§h2§§§A339§@QEkﬂgégggggg%gﬁ%§of m cronmeter and
nanoneter scale may be co I;gq'nwgg%ﬁ%gggf p t eachi ngs
herein. WO 02/ 059984 PCT/U%%%%E%% R? Al ﬁ§92%§9f§§§] The silicon
(Si) integrated circuit (1C has dom nated el ectronics and has helped it
grow to becone one of the worlds |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 scab |ithography using X-rays, electrons, ions, scanning
probes, or stanping to define the device @nponents; (2) di- rect witing
of the device conponents by el ectrons, ions, or scanning probes; or (3) the
di rect chem cal synthesis and |i nkiBACKGROOMNIDARM s wt h coval ent bonds. The
maj or 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 device

features in at []b@za}st Thfwaufé&?re&b QRSorh@l cire@Y EIH! ha8 URERSHM BlesitoR RS In@fhas
| i t hography, followed by etching or deposition to build the devices. This

| evel of cont r diclpgdéisgragito becpims apeldf theswerddhi laiges iap® g108fr witied dudretics Gtiiam
meter scal e (i Wﬁ@g%si)gﬁgr i\!',\}';_]e ﬁgﬁ%&s‘fc {f%éc%ﬁ@ ?é;ﬁﬁ‘ﬂédo%%féf?y QTR

devices are 20 e 0 nanonst ef scal e mensi on e maj or problem
with (2) mth%mmM&mmﬁm@MmmmwmmMMM@WMM$mgmm%@ﬂmI

of conpl ex deV|ce each con a trl- lions of conponents, ul d well

T o VL Trg e e et o e e 03y DL TR Nt on
content ol ecul @ss afeCoelingPir6sky toBES SESHREY @ Eves bnbildr UERE; 6 Rurrds sp-ot ei ns
or DNA, and both have extrenely conplex and, to date, unpredlctable sec 25

ondary and terttil%lwreﬁfﬁ‘f}é@ ©reenstsiRe remometer fralhdeicaswi st i nto hel i ces, fol d
t heet s, f
into shee gfﬂﬁ'guglr}f%o‘?éshﬁoseﬁ%%ln‘é?fs t:é]?? %&H@&Wf%ns’irﬂ%ﬁné ah$ fl- 18 de- |

S|gn|f|cant an etei- ous e on therr trica
properties as weéds hag imakesd () the utilizangn dhHexemelytfine scad Unttlmgctehymmxh@( -rays,

' ible. [00 f | tching electrig .
behavor o e CUBBREY JPerE s PO T PO Rk ER G I 1 urroriis )by cos

are viewed as pe&siring of eildasiedEdtiponentShy elba®ag isBCHNCADGGFobek; br $Pithe Of
nmuch speculatlon however, there are ver¥ fEMIEX eri WD 02/059984
PCT/ US01/ 47477 difsciyehisiigal pyméigsis endlinking st eo I%HOHFIH? Fiiyeevatent Ronds et hgier 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 [006] The
above- i dewDiokiosds4 el at ed patent applications are all base@carusswitachi 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
electric field, which changes the confornmaion of the nolecule and
switches it between a |Iow resistive and a high-resistive state, can 10 be
only done on weadital r&andsdilame eicthisaoint inatgnethtisshobisumb kind of podsibleodwidsng he

| ydr ogen bond, where one ca vercope, t he ener barr.i er ahout 0.5 eV
(or less). On th5Ba fethe W&ﬁ’&,Orgf‘%éc?‘é&ﬁfrﬁ’rcr?éﬁtb‘ﬂﬁagy @F F‘B’ﬁﬁé?f‘%ﬁiﬁ&g{a PHEI% R ul es
is difficult tayeBanage sARchifewas BikHef SrrdBrsiiD lok G&Velstjtd fval \ieRiewddr NGRK

fields, which in the case of the hydrogen bond are already conparable to

atomic fields (mole@is flws, possitohingrtyas valalecan easi |y damage 15 the devi ce.
on the others hagge) thﬁleba%&é-%%lgg{ dQeiate Yarbt AR GleGMbal O ondichifFBPNAL! ©

appl i cation, the corres I ng I's short w respect-to
t her mal f1 uct uae bitstablesmdiesile,ami axgmplaef gihichns a aotbxapeyr fadm one sthble kiatestaiahch.

The lifetinme ti js estimated ac: cording to the for 0 1 = coo (-Uo
JTRT ) 2 Manerahgrble e PaBieaiLol Yo die e norectiERIOR B E! on)
frequency, Ub igobiiar@RitciehPdppBakd drlikteral bISctROAd]d WA cBEHRSS B tonfamtidn i S
the tenperature. For the barrier 0.5 eV at roomtenperature, one estinmates

the |ifetinme ascfBhemolssgle apd awitchex it betvsey 2 devprosistivesang i igh-igHE Vs St Caic 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

Forces (e 0. HAROReRoRBRERG) T S0 Fp 0 Bselaalberioaul i 40 &
quires an application 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



DI SCLOSURE OF | NVENTION [008] In accordance with the present invention, the
nol ecul ar swi tchabl e devices in the cross-bar geonetry are configurable
whi | e t hewoanbsssat i onal change is controlled 5 by intramoirasal/ar47f or ces
that are stronger than hydrogen bondi ng. The nethod of the present
invention, which is directed to configuring an ensenbl e of nol ecul ar
swtches in a prescribed manner in cross-bar geonetry and then maki ng such
configuration ei- ther substantially perrmanent or stable with regard to
tenperature fluctuations, com prises the steps of: 10 [009] providing the
ensenbl e of nol ecul ar swi t ches DISChOSURBSH: INWENEBIOME- try, each nol ecul ar
swtch conprising a pair of crossed wires that forma junction where one
Wi re crosses another at an angle other than zero degrees; [0010] providing
the junction wipsgjat 1} 8astdaRRewRPMEPEkEt: iSRASINS he GREERE s hatld8vRAE In Of
crossed wires in the junction, thefjunctlon having a functional dinension
in 15 the nandhetieps-bay sperastonmse eenfighrable Whilh drecjonloamatioaplschaggsds eatrabed or
conmect orsgeor daeimbe i Oe R R P L T Bl 0°

di pol e; and [ OQidsenteintdméion,saiiict anlireettd 1o qoefigming ah leysembiefof giotecwgr sWitehes
connect or speci.es mhege t he connector species has ope active digole.or
stably confi gurf AP EHEPEINHLET Brorosshareng eE§aW%E?% ne speheonfigralanedsi es
has nore than qpg saeithntRllgipB@hdent(dQbBle FHICERaA @ tkwPeraRRl MRGARSHs] 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 [OBflbgPHggﬁr{%n%%gge&tg ﬁe&(?%ér%%g%% gér\]ités%ﬁg tgglall%ﬁg l%aﬁgl_j unct i on;
[ 0014] appl yi ngraradxmeleaahr shieht conprifing ladpairooft ¢resspdimires drat faymcopfcgar e t he
cm nector species; [0015] replaging a h dr% en atomw th a species that
forms a bond wi VI GO FoTe crogs sg?{loﬁ'ﬁr %ﬁga 158} grtﬂ%%er? & onger than a
hydrogen bond; @or)30 [ 0iR]dikemevimgoh Rethek eskt die dondcthr shedsi ddgndchss

switch substantially Pernanently o o ) . ) 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.



in this configuration. WO 02/ 059984 PCT/USOL/ 47477 5 [0017] In this first
approach, the switch may remain sw tchable, though bonded with associative
bonds t hawoar®s®84 onger than the hydrogen bond, by utili ziPog/sesenirati ve
bondi ng such as fluorine to nitrogen, nitrogen to oxygen, and dival ent

nmetal to oxygen. Alternatively, the switch may be nade pernmanent by
utilizing even stronger bonds, 5 such as sulfur to oxygen coval ent

bondi ng. [0018] In another approach, the @onnector species is stabilized in
one of two stable states as follows: [0019] providing a plurality of

di pol e groups doothe bohBdrstapprsphciheswitchandy remaipabitehable, thycthdgadedoeiidi ng

wi th an adj acent di pol 0 on the cgonnector. species; 10.[0020].form ng
t he connector_éﬁ%ﬁf@¥egﬂggﬁgﬁfﬁﬁé?95558?% deaﬁgngwgtadﬂg%béﬁﬁ Clafiyectric
field to the jupalingSudhQs$RHfidd hErdohE nfR3en RRRY SN, SREGTA& nRAd ol X9l
removing the electric field, leaving the switch in the stabilized config-

ration. 15 [ 002%ierpaivelhj e saitelh anazdisrwederpermpnenihy tfikizies aygpoitengpr bapds,
ensure that th i i i ate into which it was configured
until an opé%s§?§¥%%%§Pﬂ%§gz%g§?%@%&Pﬁgﬁg' is applied to switch it again.
[0024] The net HOM18)f Trhanofiree sgpdachnie ndrinectod spediey iy sgbitie¢din oandf @to stakte a
configuring - of arbitnf%y.nnlecular devices with practically indefinite
lifetime X10 yel#e 3{°%6m 20 tenperature). [0025] Advantageously, the

nmet hod of the poepgnt i nyeRidia %m&m}d HE@Dold BUPIQR tAY coMabiehsjebigs, engenbl e
of nol ecul ar swtches can be confiqured in a prescribed way in a cross-bar
georretry and t Hrepabihefdydwaen bpidingivath apadigecé dipele gaverrn. thy @op@ or keiesiet hod
of the present | ntiongsolves &Qﬁ - d.plghl.em of 25 switching
t hrough hi éh%nen[g% barrier sn\éan%l a ?Cgé%rsg%%;?%@nfl%u%’ng of the nol ecul ar
sw tches and thee21ji i) mnailyigg tunexteranlf dlgptriceie]ld ys thejustial keconffipire tigsqect to
t her mal .
nector species; and
[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



noi se and ot her external perturbations. BRI EF DESCRI PTI ON OF THE DRAW NGS
30 WO 02/ 059984 PCT/ USO1/ 47477 6 [00271 FIG 1A is a schematic
representwniooswB4t wo crossed wires, with at | east one nPCEFASOE4AT7t he
intersection of the two wires; [0028] FIG 1B is a perspective el evati onal
view, depicting the device showmm in FIG |A and 5 [00291 FIG 2 is a
schematic representation of a two-dinensional array of switches of the
present invention, depicting a 6x6 crossba sw tch. BEST MODES FOR CARRYI NG
OUT THE I NVENTION 10 Definitions [0030] As used herein, the term
"sel f-aligned" [e8273ppFi@dAti®a s¢hdmatid @presdieaios of that crosstewjres) oith anledshade f or ms
the switch and/ or Eher el ectrjcal . _connection between two wires is created
wher ever two wifgeculeatihrdptepectigniof iel) WieS coat ed or functional i zed, cross
each other, beq@m i f1d.S18 lIhea eisp é&ﬁv&%l‘é§§ioﬂﬂ \Hé%atde?fcﬁﬁ‘é%% &eQPcerHM pn. 15
[0031] The term el f-assenbl ed"” as used herein refers to a systemt hat
natural ly adod’d@ tdrrmdgeonetri c pattern because of the identity of the
conponents qf t YSiy 1 the system ac Lev . east ca Lmum i n
its energy g Qor?’jl nchez’r%acSE}he g rerpaffsl onlon[(gs(?s%o d‘\rﬁensfon arrag()lrswﬂc °s
configurabl d' rmamprédaﬁﬁm@enﬁm,tdelhcmm @bangsbal bsitcit ate only 20 once via an
irreversi ble process such as an oxidation or reduction reaction; such a
switch can be the basis of a programmable read-only nmenory (PROV), for
exanple. [0033] The teppyT X1G0RSFOGUFARR eINGRANSTIHRINVANTYORICh can change
its state nultiple tinmes via a reversible process such as an oxidation or
reduction; in other words, the switch can be opened and closed nmultiple
times, such .as ry bits in a random 25 access nenory (RAM. [0034]
The term~ E‘lo _QMQS applied to a nol ecul e means a nol ecul e having two
[0030] As used herein, the term “self-aligned” as applied to ‘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.



relatively | ow energy states separated by an energy (or activation)
barrier. The nob- cule may be either irreversibly swtched fromone state
to the otwero2(s198gly configur- able) or reversibly sw tchedTfusomiane state
to the other (reconfigurable). 30 [0035] Mcron-scale dinensions refers to
di rensions that range from1l mcroneter to a few mcroneters in size. WO
02/ 059984 PCT/ US01/ 47477 7 [0036] Sub-m cron scale dinensions refers to
di mensions that range from1l m- croneter flown to 0.05 m croneters. [0037]
Nanoneter scal e dinmensions refers to dinmensions that range fromO0.1 nano-
nmeters to 50 najodEt eSablicOb stdle domaatiensSjeferd td ADIBlioMd haorenge fom Arl-
subm cron-scale wires refers 5to rod or ribbon-shaped con- ductors or

seni conduct or s SKPEREHAGYHE &> BiclME} s havi ng the di nensions of 1 to 10

mcroneters, hejoghts Ma&m&mcma@gﬁen&emeeeﬁ RUIHERHNS thah ARSNBEAI0S] fdod

m croneter, and Iengt s of several mcronmeters and | onger. 10 Basic

| nf or mati on on Ortorsde d0 WinomeBrt OOAecpBORY). The essential device features
are shown i 1A C es 12,
T She" el s Yo Yl RGNS RS 0 A BRSPS
non-zer o angl e. ductordert swascontitiidae with rvadths sr diaheylhadhg el dhoedsas ofl to 10

nol ecul ar conpounds 16, denotfd Rin FIGS. 1A and 1B. Theﬁ{)artl cul ar

mol ecul es 18 15m(°HEW3‘Erévcf‘eF@}s pt-gan gange STk il &S &F nineBeteRt BAsBETITCTof t he
two wires 12, 14hda&@thsd8Bveral hi@8nd&s a Ibgder ol ecul es, al so i nterchangeabl e
referred to hereln as a junction. Wen an appropriate voltage is applied
across the w res the svmtch m)l ecul es are elther oxi - dized or reduced.
Wien a nol ekul eBas: B e Switehes a second species is re- duced
(oxi di zed) SO t [htoiChan g8l hialedn These, SPRE 93 A5 € LheRdCRld ed a
redox 20 pair. @ggeg]exgﬁl (Séeo? adﬁ g e\tﬁrcse V\Su(f‘;ﬁpb orqonlzgrm |'ecul g‘%to be
reduced, and t hevitch 10$enmnsj:smwb amtqd; &2, (lthexcheiter ahra:lta‘i onfenti¢vadyctatowrepthat ) i s
oxi di zed. In anot her ex le, a molecyle is W res
ot zed 1 SR apapEeerd helr e et Bk GO e AT BT e of e
W res is reducegloletularcohPuiidds 16XxRAPELER 6 FHGM 11ACandS BO Theélpatailar 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.



and an oxide associated with the other wire is reduced. In all cases,
oxidation or reduc 25 tion wll affect the tunneling distance or the
t unnel i ngwbarns®s4 hei ght between the two w res, thereby exparsenyisally
altering the rate of charge transport across the wire jurc- tion, and
serving as the basis for a switch. [0040] The electrical tasks perforned by
these devices are largely determned by the types of wires (el ectrodes)
and the interwire materials that are usedd8 Table | presents 30 the various
types of devices that mght be fabricated from various conbi nati ons of the
wires 12, 14 in FIGS 1A-1B. WD 02/059984 PCT/ US01/ 47477 8 Table |I. Wre
(El ectrode) Materials Device | - al tal-yetal Metal - Sem conduct or -
Bl 1t SrtBRulE

Sem conductor- Type (sane) (dif ctten%%m' conduct or

sem conduct off pe@fe ( P- NMetdGdth O Met{ BREES OjMU4lt | ONSenR@sdistodr | XSeXickndhtbme| i ng
X X X _resist%r Resonantsx X X %¥ng I n mEeSiSt r i&?g%g X X xo%mao
Tunnel i ng X XXX di pdé*¥REsonal DE Whne PP diBie | BRIPRMTOX X X
00411, Depending on the, ol el es o Tpt erial s |t in ks pdtbetumonn  he

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

5  (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

10  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
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-

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



scri bed bel ow i medi ately on contact of the wires or the junction can have
a swtching function that acts to connect or disconnect the two wires

t oget her wbhaetsiosal | y. This switch can either be singly ecafisgusabl e or
reconfigurable. In the first case, the initial state of the swtch is open
or closed. Electrically biasing the switch beyond a particular 10 threshold
voltage that is determned by the materials in the junction, which is esen-
tially an el ectrochem cal cell, oxidizes & reduces the material or

nol ecul es between the wires to irreversibly close or open the swtch,
respectively, tihany tpessnireitheir opse, ewhen slosay, the typeiofiekettakal Soareetion thattiheadecond
case, by cycli t he pol ari ni tud f the voltage on the switch
beyond 1 he appr TRt Vi sbiRtoe eus it Famygte B sRSor QhetedfuRf oxi
15 di ze or redueridaftd apfveRes hy ieelit®oF 8@ nitkicaleh 84 MatbalyBebweH kiRSyit@. cl ose or
open the switch WO 02/ 059984 PCT/ US01/ 47477 9 many tines. In either case,
when closed, t h@043IpeTable &pbasershews a awtifeek the Hamdyatynes offitetions dhafsanbe he

Wi res depends %ﬂﬁ? are
fabricated ZSS wel né&ﬁrﬂ@&rﬁf ggjtn?bﬂt% \gﬁéelg%ghg?& eléggdpé grr%%egéllgg fmB%et \%\S/ee
the wires. [004®pd fathk @Jnlctlabdxvemsthom aglingat eurentofoltedeechwactensis, andpemadd
functions that can b§ i obtauggd fg0n1v€r|§%% conblnab on%.of qjectrode
materials and nit SFEPRAIY OVREFUETELES IR TG PPEh BIFQi%SiBr has
a linear currenfallydbindgehdheif@ntRiveeh ithe wited The opfuiie obiisipdceiitik @naldry

over-reduci ng the_junction between various types of wires to essen- tially
forma short ci®edire 2 BEclie Whighevilli goagimeTihe V%S‘fﬁp‘Bs"H logaliged fegios apd sHpdivelys to

over - oxi di i regi on
ana ef fect 1aal 3 B A (e B B o B e

the position oftusteding mststor onrintains & tlmn@pprngm@m 3 napometil thicki insilading fprmier

approxi mately 2 LAananet er thi ck |nsula arrler ? nween res and has
cen wires and h has ai 1 pponenti tia ol aﬁe {:}harac eristic. 111' e case that .
an exponenti al current rac er| case’'t junction

nol ecul es or majuﬁd‘tioa|n8)ld5balé§01amstbtﬁzﬂ$)h@(/edeﬁarpl@dieﬁﬁrﬁlregyrgﬁtstateenslldbSttharidf'gap band
gap of an el ect

i nsul at i barrier that essed
el ectrically bi salnr’F Cfr%élbi Hatng {S’ﬁtha‘i‘ﬁ‘é‘b@@ﬁ‘ﬁgﬁ‘fp}b%e%‘é‘f ﬁS“E‘Eh e@\'ﬁ“f:es can
exhibit a fiow @fn eletGhhidctat baWEELME Wikdtad &hlﬂPMB@t&@l&Mlcﬁlr@TMtQﬁﬁ$§ of
resonant tunneling. The resonant tunneling canTElro uce one or nore

i nflection poi ndosnipgied bethstrieqess eferesonps iunneling. The resepant (winelingecae rsedies eri s-

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



tic of a tunneling resistor. A diode is a junction that passes current nore
easily in one direction than in the other, and thus has an asymretry in

t he currewDwolos®mge character 20 istic for positive and negafivsel/ a1 ages A
tunnel i ng di ode has both the positive- negative voltage asymetry of the
di ode and the exponential currentvoltage charac- teristic of the tunneling
resistor. A resonant tunneling diode has a positive-negative voltage
asynmetry plus it has a peak in its currem®-voltage characteristic, such
that over a restricted range of increasing magnitude of the voltage the
magni t ude of t here2Sommedrbgribe potessds| dpsaibed etaye syill actpdlbriome iemort made of sheknown
as negative dif e tivi circuit

el emert that ad e§{rfc81t %BTti?nﬁg??Brh%epa‘ﬁ%ﬁl@&e f%1§§e éllvr%% ?eme ﬁéénﬁ‘%?(@ﬁé?fll ’t s

el ectrodes as |[ooy3] asThixetHe phdsert)nvestiGiiinhy bd Rty GhRkgatmeOef métliBE6r I S a
sufficient supply of oxidizing and reducing agents separated by an

i nsul ating bar rsp@jconductag yirggolgsulergmbratjonss densadipg Ph disedevisg Pﬁ‘I’Pééleﬁgle“t he
appropri ate5voIS§I@@ oﬁqﬁé)gsgen?m&ic%@mjtunctl on, which as stated before is an
el ectrochem cal to on partially oxidize or reduce the material or
nol ecules in the ]UnCtI on. In general, any real junction between WO

02/ 059984 PCT/ 801/4 477 10 V\gres fo\{}e )y the processes described above
will actually heve 1,0 L 1 functions described, with
the effective qooguyi t Pﬁ)lc@gm&vaecpwm@@deﬁﬁed 1 WRE tﬁ§t are b@?é@& by RuSveniidhal
present invention may be executed w th any nunber lic or

sem conducti ng qmctremwu@emrece@@m)rqqm'ilmsmrqgépeetrxmcﬂbf Prepareteongesbeteate as
properties (de- %t%lflé ﬂl[ omthe assenbled circuit. Basic Information on
Fabri cati on of ectrodes [0044] Process-Defined Wres (defined as

W res that are [po45par Bﬁtdhl;c mdmmn:tonmmanlr wigk.ewitlt dininetesi ranging frpm ceess inig

techniques; wires are typi.c . re ar on a substrate 1 art of a
circuit): [0045‘]“’rﬂ)?é??rz§|tPlacSl (ﬁ&f&i’%‘? 2y HEQmet-pagled; %fn‘é(glé?iéamre&ﬁsgl ng

fromseveral nimngfOfBher sinél@mﬁ:r&héi@" W t6 140 ﬁi&ﬁ(ﬁ‘ﬂiete(rﬂ efefif0asasb-micrometer
m croneter-scale), or with diameters ranging froma single mc¢rometer down

to 40 nanomet erssalekiaf dismaetera ey by PRgpated g velkesiablished artdneidipe fithogrphip e
prepared usjsng (\AﬁljiJaI, (atﬁt}a%mlét,s&egec%ﬁ bedlﬂ%%bf&%ek'ﬁh@&%@@g rHoﬁnally have a rib-

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



15 (optical, ultraviolet, or electron beam technol ogies. These wres
normal |y have a rib- bon shape or rectangul ar cross section, although
circul ar wooRes®ecti ons are not pre- cluded, with the w dPlTafSot/lm7w re
bei ng determ ned by the |ithographic process used to define the wire and
its height being defined by the amount of material deposited in the region
defined by |ithography. 20 [0046] Chem cally-Prepared Wres (these wires
are prepared by techni ques other than conventional el ectronic processing
technol ogy, wires are typically prepared as a bulk material, rather than
as part of a citolusid, ahdat & temeBOdd hedvE208PC ama clhesd vostiuatar annasowhvies ar e

defined as wires with dianeters ?g- l.ow 50 nanonetfrs %%$ically 2 to 20
nanonet ers), ar®hifPh? PEipgiofsevert! dave: Thehpreraption produses -Gl gFanapyms o

mcronmeters (tYRhERrdYoridiRetd® tHbLCH ElafidmetdBeHA BN fREEY. DS ﬁ@l mi-

(o}
chem cal ly using any one of a nunbgr of techni ques described in the ,
references gi vaemgetlsow. [ 0048] One exanple of a reported technique for the
production of sgpidonductors . nanowid e t ' L el )
gernaniun1i§ thgggctgﬁég%gﬁ?Ln1§§$?%%ﬂﬁ%@t%%mgﬁggggﬁgﬁﬁﬁh&gnOf%ggﬁgn
phenyl tri chl or aiyetoramawitewviof Itheasethicopéictih® Blembntssilibionnis @ laaér viaporizh e tagktvent
WO 02/ 059984 PCT/ USQ1/ 47477 11 toluene, and at a tenperature near 300C in
a closed vessel ontatg elemenah siliconsgigivog dthe fEet Is Hlesed i HECIEH OV 2 S0 el
days. That prepapahiQn it AR tRoBEH B 6YehShuRhg BRNVABGABN HERMNTHE SR
diameters three to thirty nanoneters, and of lengths from0.5 to 10 m -
cronmeters. 5 [004g]pradwecohchnexisasphat hafe diameigroin thd range hihiQied Ofnanorpdiers,

product fon of SEIGRMs (G Hon FROM figfnRled Ne_sem conducting e} ement
silicon, is to l'aséer vaporiZze a targe containing el enental silicon and

i ron. The target[0030]pl @eedxamipla ofaa uteporeede techiiquk3@iCihe prddudion i dfehietalds 1S
fl owed through the oven during_the vapaori zation process. This tech- nique
produces si | i coHRIMFEClRmeRET S deaherlerdo icroordeniagestor s viesayihin
nanoneters,  10h@psted SNBMSIEARIAE SiuBMA dxRle 4n Tk MATBIS M &:8R30his One

exanpl e of a reported technique for the production of netallic
solved in acidic solution, releasing 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-



nanowi res of the nmetallic elenment gold is to electrochemcally grow gold
wires within the pores of an anodically etched alum num oxide thin film
The al umwormosivge i s dis- solved in acidic solution, rel eagrusgl/4h3e7 gol d
nanowi res, which are then collected. Gold 15 nanowi res grown in this manner
are characterized by dianmeters ranging from20 to 30 nanoneters, and

| engths ranging from0.5 to 5 mcroneters. [0051] Nanow res of various
nmetal lic and sem conducting materials maylbe pre- pared in a variety of
fashions that are discussed in greater detail in related application
Serial No. 09/ 280),04Ss lisfahe:lof. HiGeHR defduts & esating 20 on eqeei I2eand epeding 22 on

sem conductor wre

| 20 such as_dope 005 For t.he of Si wres,
the wires can b%‘redi‘béﬁ‘evﬂ’?@ﬁ“gﬁ ﬁ@ (e P’éié%&r“%?db{q pé’?f—i FRptingse ﬁ‘ﬁ?gﬂlg bRIRIeESh;
case, it is necggsalxydet oadfhd: hansloRaNtunétnallt éiﬁalﬂ@aﬁdtérm@ WasSetiveRS thel he
wires are forned. For exarrpl e, in the | aser ablati on/vacuum oven

preparation t ectiresriZgifbthamseiyes ey baisenied with epmer merrRuweCies Qdé‘ﬁfhﬁher@% s uch
as phosphor Us t\rvfr&yc?&'s q@ l%ﬁ? g‘o%é i e@%l%ﬁﬁl't&el;' ?llrerwqjars 1 e14 f%ﬁ)l_g%]cdat%d

into the inert gas (argon, for exa ows thtou e vacuum oven
during the | asenclabllatspaivs @2, fespartitdlp forprangsshat chdlSE oflbwthmsetcybe t hese

W res can be nodul ati on_.dope coati.ng th rfaces vm th appropriate
nol ecul es - ei tsﬁlé[?ﬁné tf?faﬁ %@%WW% ot 6&5353?{%\?% acids, such as boron
trifluoride (BF@)34j0r T61d6Fd 1he Avifte RAhJMLE6P R, uey\hes:esba@e@chemnymal 30

kyl am nes) to nmake them p-type or n-type conductors, respectlvely See wire
prepara WO 02/ 0599z thoyyrlicn of Uy avires usipe pieapic o incegnici meleiesdnabwil e 1B

depicts a ti r T i ngs
p Ol_gﬁ 1@% f%F?gonméo%IOﬁIg ggéolgys ¢ fRahig o%%heo&lrEWHf‘enjs‘hcon Reo6Rad i ng

20, 22 may tings, tunneling barriers (e.qg.,
oxi des), or ot hee exanal wcat, @ thivsotfaerater 1 o) 0fa30e withh@wially form, and at the

Alternatively, the . wires 1 t hensel b Wit h
R species. 16 ol nerE Rets o LEEE Sog Ty FrOpE bty bl i Sl O €

al ternatively, Elh@td/\bmeplaae?sl-am gﬁwpﬁﬁe@otamrﬁmemtum mmldemlams,p@mgg 20,
22, respectivel for exanpl e, that enable aone or th wires to be

suspended to f oRiEEEI FHCH s BeHEGIBHSE- x’aaéldd’iﬂ%e&éns B SEPEHOBAP %o dope
the wires vis npgil At RPmE0RHEG thit bad HnBEFASSREWith@aFHE M Cabik Yeiflbr Ctec-

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,



tionalize the surface of the wires using organic or inorganic nolecul es

that will co~a- 10 lently bind to the Si-O H groups at the surface of the
W res. WwD 02i059980n nanowi res are exposed to air, a thin arfisog4t4ayer (1
Mh) of Si02 will naturally form and at the Si02/air interface, the SiO 2

surface is termnated by Si-OH bonds. Goups that will bind to or repl ace
Si-OHgroups are not limted to but include R Si (CH3) X( OCH3_X),
R-Si (CH3) X(OCH2CH3_X)," R-Si (CH3)xA 3 ,,, &hd others. In this case, R

represents an or 15 ganic or inorganic noiety that can contain .

el ectron-wi t hdrgad wgeS(lalgbeW @nettoind)zed)Wlféldedecaltlﬂtbﬂl-(GQHaSthTIQrd@dmnf(ﬂaolLewi S
base). This che f cules t assivate con
surface is wel I™ lnglﬁ’ ﬁm %Snelrpu lﬁ] ii|11unds mefi%{a’?rtﬁ e%n%g 1f“rC)ﬁ‘?thgr S d°W| ng
nol ecul es to th(er &emﬁ@@&) hefdispeid ipamsily aigartlc solvdnGpsuch a5 heB@neSsrcmoﬂolfémurface)
+ R Si (CH3)2C14 Si-0O Si (CH3) 2R + HC1 [0055] O her sem conductor wires can
be functi onal ized with organo am nes, - gano-thiols, organo-phosphates,
etc. [0056] SAppEas ogmation o Wine Rrgearaiis £i on of how to modul ati on- dope
chemical Iy 25 wmyaheghzes n?a@é? R "R % Glire? BRGATiIRL ! (e FdRe
technical Ii ter[gt ure. 0059? or the c sgvﬁﬁppaget her anar%lg'vm res IEBSSC ¥ as net al
nanow res, the amnceihstc@n be chemcally functionalized with PcSH (for gold

il i NH2 | at | adi i
Gt or of her BT s SUeh AL S KOH e ek CRn A R € e M SRR o
W res), where tdaﬁst&@rsemnoﬁi@mtbt ﬁﬁlosﬁree’ g@al\colrmgeﬁg(z@mu B6h.wj 1d9gh.end the

wire certain chem cal properties - such he property that wll allow the

person ski 14%d [PPPU he Csmranivg: diks d@"ragheettarlr fwhﬂ‘é‘g Soly O%Syé&eiﬂbf’ﬁsmglﬁ cgystal

sol vent. In one,&xaHiRh Quanifh Aa/e00 X984 ECHh l_#ﬁgjﬂeﬁaéjqol 6%, |%3V‘Q689§uﬁg ght
be functionalized wth dodecanethiol (Cl12H25SH) he dodé net hi ol = not
only will providel?%e wires vmth a thin surface tunneling barrl er but will
also allow for sed i N such
as hexane or c 6& fWrﬁ?ﬁga %Vgllrecq' I'nf’ orer%l) |ef)ﬁl Z#la%%ﬁlo g@ fogn %} iPes

[ 0058] The fol Ie]wmge Praseablest] &ndﬁﬁ&[cabﬁ‘hdm{lﬁﬁa"/ﬁld6’B,$3annO\M9Q$§]uH(ICm9d).I’lg to

the ref- erence |IS ed.
15 [0062] Funct1onahz1ng 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-



[0059] Silicon: A°M Mrales et al, "A laser ablation nmethod for the
synthesis of crystalline sem conductor nanow res"; Science, Vol. 279, pp.
208- 211 (Wear2/099984998). 10 [0060] Germanium J.R Heath ecTaispviArtiquid
sol ution synthesis of single crystal germani um quantum w res”, Chem cal
Physics Letters, Vol. 208, pp. 263 -268 (June 11, 1993). [0061] Metal

Nanowi res: V.P. Menon et al, "~ Fabrication and Eval uati on of Nano- el ectrode
Ensenbl es'; Analytical Chem stry, Vol. 6714pp. 1920-1928 (Jul. 1, 1995). 15
[ 0062] Functionalizing Silicon: T. Vossneyer et al, "~ Conbinatorial

approaches to- duarpghipaighebei mickehvaeeodysyichipstitadidylinivhel), o Ggy] vebl t&kibs, Vol .
84, pp. 3664-367 (Cct., 1, .199 one_o nunber .of refer es). [0063]
Functi onal i zi ng” gﬁ’énog léeé(égu%?p%)@éﬂ ateﬁ@r“ig@? ?)ujgkfelf%%l.‘m’lﬁge\?f WE@?%ﬁ-et al

" Ther- nodynam c Size Control of Au Nanocrystals: Experinent and Theory';
The Journal of 20 Physical Chem stry, Vol. 99, p. 7036-7041 (Maly7 4, 1995).
[0064] Mol ecul ar swiGEHFHg) cofpoVirisNREy >comdT fEHNBRy nunber C&F W) f f er ent
cl asses of mplecul es, depending, again, on the desired properties of the
device. The key requirenent of the nolecules is that, when they are

sandwi ched bet w8865t wo wires, they may berel ectrochemcally nodified (i.e.
oxi di zed or reduced) by applyinga 25 voltage across the wires. Wen the

nol ecul ar conponents are so nodified, the net ef- fect is that the

tunnel ing barrier bgbyaamn he CoMi VB,EBF) S omui+ BgNPapd the ravg wf cir-
rent flowis changed. This fornms the basis of a switch that can, in turn,
be used for nenory, |ogic operations, and comuni cati on and signal routing

netvorks. M ecighad)  Sht LAERARMLARINAP ALRN. RRILE Rl ThetOmn, LD

whi ch application of a voltage r uces one of the nolecules a
the other. An exabql by sofutionphasa cyabic olidnametrye iINMEI0P A BOSBi. OT AdyBAet i 131 77

L4 o o1 ol i B AL A SRR S B B -
t hen, woul d be: abld maghstit hembryCpRMNevet, iBuKENIRE@nee dwZMentthBudNRIrof(nicked- V) 5
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




[ 0065] or (oxidation) Cp2Ni + Bu4NPF6 - Cp2Ni + + Bud4NPF6 (-0.1 V) 10

[ 0066] The ni ckel ocene systemis of particular interest in that the
reduct i omvoag/osgesobed by sol uti on phase cyclic volt ammet r pCTIGSoeght y
asymmetric. Such asymretry is anal ogous to magneti zati on hysteresis 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 voltametry. 1% either case, reduction 15 or
oxidation of this systemw || nodify the tunneling barrier between the two
W res be- tweerf00d8] ch i keordahe@ovitiethe aresers anvemionh e chethbd ws portﬂgms'ngganbmn coul d
operate as either econfi abl e, confl nD ecu ar
svm tch. For nett‘éfrslcglégi?étr%“}“sf‘% es as eé‘éb?edemﬁ Crosg{’% cfreuiyig {08%‘} @Fseaﬁmm

" El ectron-trangfa@s vépadehdr®as ivh sa’eetsaiflpsa@zﬂﬂe@ateﬁtrﬁpbu@ﬂ@@s t(Qthl@ETtlﬁJ p&émdat i on
state on structure and reactivity', Journal of the Anerican

20
Soci ety, Vol. rolicaipn ipedged, 2@414hmoﬁbqve 1(Berial fgpbery GHEHY. Z%hé)%?&%&%t or
speci es 16 GOyl %6Ysé d@%%hﬁ'wﬁz'@%@h cfd)sim%oas ignificant, or

measur abl e, "hysteresis in Its current tage curve, obtalned ei ther from
sol ution el ec- [D0@Ghe rﬁl&tpqusemmnvfen‘mm muwdaratmaﬂnidt lafg\ehxdhdne ackemblestf mokeai-n a

solid-state junctian | es f su eci es_.di scl osed

above-r ef er encgﬁf %ﬁp?scaélamﬂ}f‘fg%??%?m /%@nga ‘fﬁl aZ%re%?PH?flew%lhéf’%ecenes
rot axanes, pseuds:; kQRuEHEAMBS readfich é‘a@'ﬁé@ﬁ@d’l@%ﬁgmﬂicﬁﬂo be lsibsentidl -petrhaeed @cul ar
hydr ogen bondlng Wil e such nol ecul es are useful for_the purpose dis-

ci osed, howeveranodergsse e dipplet Bk thayuitdgaerepBithy i thaiiced nat %WltCh

rel atlvely asi i i
50 present Tnvener o o8 S AR TN O s BREh e PR e

with the pr es_erhythenmelrﬂﬂucomwra met hod of confi gurl ng nanone- ter-scale

electronic.swt assenbl ed.in U|t rovd 1ese
circuits have @Qﬁﬁ dig%f"flﬂcé%?l iP5 létgr 15“8?156%:05‘@1115 Obl%l éhﬁtusgﬁglnim-cﬂi@fons,
to which the prgsest theapidculkaiab Béeni ddmbastidte@tsee,ad)d), Btrsﬁgedbab@gaué@ra &

Nunmbers 09/ 280, 225; 09/280, 188; _ 5 09/ 280, 189, ?9/ 282, 045: 09/ 282, 049; and
09/ 280, 048 ). operativity”, Chemical & Engineering News, p. 57 (May 8, 2000). In contrast with the’

15  situation described in the literature, the 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.



[ 0069] The present invention provides a nethod by which the ensenbl e of

nol ecu- lar switches at a junction of a crossbar may be configured in a
prescri beaowaysIsBn one case, a substitution reaction cauPeEI/USAE47477
configuration to be substantially permanent; in another case, multiple

di pol es make the switch nore “sticky" so that it will not switch 10 back.
In either case, the configuration is not subject to being swtched back and
forth by thermal fluctuations. [0070] Thes principal possibility of

i ncreased binding through the use of nmultiple sites on the nolecul e has
been denonst r atje@l4] seBoth&cliemes aBtdionged ingrewkrrigtatl belowgvith evampdzarrastidedi t y'

Chem cal & Engineering News, p. 57 8, 2000). In contrast with the 15
situation descr? blgjdtr?t% t}ieﬁé’pF‘iaB%W' 3‘? Bétg?%{sf%esr@ﬂ?%ﬁs%ﬁe f‘ﬁ‘écthp’f é%ké‘?ﬁea ih{8ht i on
utilizes nob- Giresndr itsr&gl?red RGEH 'R oW itf ARSer Wite HBE is BRuILY§A

chem cal el enents weakly onded to the base of the nolecule. In one case,

a repl acement dhrempegbmmenbi-steiie melecylesthatiage haged enasinglphyidengag bohing. i n t he
ot her case, the special design of the nolecular structure is used to take
advant age 015 the multiple hydrogen bonding. 20 [0071] In particular, the

t eachi ngs of t HzhepiicabRetlackmere Mchaion pr the Prbsertcwof schwiedFiellk f or mi ng st abl e
swi tches. [007 t first. schene, nol ecul ar sw tchabl e.deyices, . based
on hydrogen boﬁgﬂjsﬁlngl,ilg%li’rése%‘ﬁf’?“élﬂ? é]&"vi’srfopﬁ%ur@%]% m?)lﬁ?uz?adél’}?fg'? V}Ce%ﬁ'h{%
external bias ugd tadBrolaSiod Rhh@d &t th&molk&fdsed JoRbSIkdOby ek GhtRSRidAA
system and, while the field is applied, a chem cal reaction 25 is
perforned that fpipl ceshydiezenherdigeh Tbsnid doane by arplie & pondli ey yolegar ged
group or it h tively. 6 i K t he
Tui ton at fiar BsAEHR deRAnoRbO A R ol ARRSCRN Bl VT B0
[0073] In the sédabiedmsichdesegre subjst tocan extdrsal sight thesnat editttang toqr wropE pesl ity

f |ydro- di ites that. ' h.ot her.. Such.. .
ot Y aorat Con T Poke B AP & A5ERL £OR AR Ao e b hen
bondi ng site. Thgad®®tRCHdRogth H b Gt stk pefltiRae khargdd Fo@iNdefspEratsidheasunl ess

an opposite polarity electric field is applied. WO 02/059984 PCT/ US01/ 47477
16 [00741 Bot h N divalentpeial{Medy, andie fike, gF Bnt srongaiegitivelyebaiped giobh s8%unpl es

provided 15 a5 fluorine 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



toillustrate their operation. In both instances, a nore stable switch is
achieved in that nore energy is required to swtch the device out of its
chosen stwoD@ib@ssis required for the nore common bi - st alpica/usol/eat es t hat
are based on single hydrogen bonding. 5 Chem cal Replacenent Reaction in
the Presence of an Applied Field [00751 The present invention allows
configuring the nol ecular swtch devices while the confornmational change
of the nolecules is controlled by weak intivanol ecular forces (e.g.,

hydr ogen bonding). This is done by applying an external bias voltage 10
across the desishednssiGontpobyd tdpdaithig chdee Safopmsop roadant boute s/ith nheacatbangs bar .

o e g <o 5 Bk TRGaA T B s HabgBt L QBN bt ot A char
instant, a chenjoga] r aagbf @B fdrSgdidy xtemb@sokamh sbforf@®lee el fediapgen H by

a strong positively charged group, denoted Z}, such as H2, dival ent netal
(Met), and the 9risRae ofer pjtable sgensnherieqiend of %/prémt geentignduysry senstel and as

fluorine or «chl I xanpl e
of 'a 1ol coul’s. hach awd hEinsPle SHEHD, folpcREREURE b PELA i 18
i nvention, thi stnﬁ@(lsp()tyeuis aﬁocﬁmltesmpefanrra)ad or dep05| ted, at the junctions

of the cross-bar dewg An ext er nal applied to se- lected

junctions, and Q8%%ng ‘&B’BP‘%%&T Bﬁorsgm%%ag“erﬁcew diRedmsErnndn feayolsile is st ed

with a 20 neQatlble‘éd}bﬁ%}%cﬁl%QhQH%HPm tﬁy&hglaaﬁ fd1dBleisBéh a(scwonqaatnm By flh-0
pl ace the group int - position on the acridone ring system ‘as shown as

Conmpound 1(b). rTive afFS@mup Ctomnundf lib}r@r &¥ I\&ézsqxdda'ahevté nigtahchstsbowh & Gémr ogen

of the NH2 ou IS stronger,t dro
speci fi cal |13{, aé)duflgégg Vgegrgrt T a% e b e(510“? Yc‘l%(gr‘}g@rzge 2 ng
appl i cation of @zherhwgnadtmﬁgeeltﬂlm @mm@ﬂ rbdn&ﬁ@)stlulsp&mlt?swamhgcﬁam fohtha

positively charged group, denoted Z+ t(1 . 0. or divalent netal Met), to

pl ace the groupthsi stfe b‘E? It sirengeniel Sn‘é’n&’é’feidd‘b% cpsery a sipglediifrogen boRdwn as
Conpound 1(¢) . gyt hmt}ga&& of b&ﬁ@ Og@ptﬁeh@&kfrgfd@e@@o@ﬁ%@eh% fond

to the carbonyl oxygen. Agaln, Is at three tines stronger
than a hydr ogersttvog chnid PO 8lh tbﬂﬁgwsmwhélteheria/kimgem gtomdsl rapieged ppiulfogta soonof t he

ext er nal d (g %bs) Wi th ur i | aces S in
the 5-posi tjl on cgcolgﬁﬁg)og p— rfgnr}q%r{—gfes\{)sﬁ tg%‘%xtemalsf{'é&c{ is tﬂu'ne\:lg1 off Qtt at junc-
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.



WO 02/ 059984 PCT/ US01/ 47477 17 shown as Conpound 1(d). In this case, S
forms a covalent bond wth the carbonyl oxygen; the covalent bond is

st ronger wban/0s99ydr ogen bond. [0079] Any of the foregoi ngCramot/sans can be
performed in the presence of a catalyst or some other suitable agent. The
met hod of the present invention is very general and 5 wll allow a
configuring of arbitrary nol ecul ar devices with practically indefinite |if-
time (>10 years at roomtenperature). [0088] Summarizing the foregoing, the
active (dipole) group in the nolecule is sta- bilized by replacing the H
site in the original noleculg.such as Conpound 1(aé1§y flto- rine, as shown
in Conpound 1(b), or by NH2 or “(giv@l ent) st al, A %S in Com 10 pound
1(c). However, the associative bgnds used in Conppunds| 1(b) (N F) and 1(c)

(Z+..N), though stronger thag_hy&froge \Eondlng, \\1I per \\§mjtching back
to the other state, but gr fields co ‘ ) he case of a
singl e hydrogen bond. [O e of e weak
hydrogen bond is replaced by > I oni c bond~Z1n e where the
hydrogen atomis replaced by sul flur, a stxong 15 covalgnt bond OS is
formed (-2eV). Once the ext¥®Pnal %ield igk?hkggg §pf & that junc- tion,
the bi-stable nolecule as "l ocked" in the confidguration provided, and is
stable against at |eas nodgﬁate i ncreases in tenperature or spurious

electric fields. WO 02/05998 02+ fPAT, Mb§ N2~ O O NN 1(a). 0
1(b) 0 NH2 O. Z+ (Z+=NH2,Met) NH2\ 0 S NIN 00 1(¢) 1(§)
N

1(c) 1(d)

el

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;



Reactions of Conpound 1(a) to form Conpounds 1(b)-1(d) [00821 Forrmula (I)
bel ow represents a switchable nolecule with a single active 5 (sw tchable)
di pol e grwop2/0k®pst in the particul ar configuration by hydeegarsobemndi ng to
sites E or D (replacenment reactions 1 above). ~AMJ- D101 H2NY (I)
where the letters in fornula (1) nean any of the following: 15 A = CH N
C-al kyl; Chalogen;' CGOH COR(ether); CSR(thioether); Camde; L- ester
or thioester; B = CH N Calkyl; Chalogenh;, ; COH C OR(ether);

C- SR(thioether); Camde; L- ester or thioester; W 02/ 059984

PCT/ USOL/ 47477 C $9CH; N; C-hlkiN; CGakigkry |G-08; IGaOBGthey); C-ER{thi @R ¢i-eidy;; C-
C-SR(thioether); Capide;, L- ester or thioester; D= CH N Calkyl;
C hal ogen; C OHSTECORI%ERBr): C SR(thi oether): C-amide: L- ester or
thioester; 5 E H£HH N; CalKylhalogedat- @glem:-oﬁfe@dr) @m&mbaﬁe&)‘» ,C-amide; C-
C- SR(t hi oet her); C am de; L- ester or thioester; CH; N C al kyl ;

C- hal ogen; G mstecom(@ﬁ%r) C- SR(t hi oet her) ; C am de; L- ester or

t hi oester; | ¢ @?%1@

C- SR(t hi oet (h%er )]g:HC?gmNgCaél@ﬁ &Qfog?lé;lﬂgfl t the@ &}ng&ﬁer C %mdf:k
C- hal ogen; GC- OHsteCoOR{eestaer ) ; C- SR(t hi oet her) ; C-am de; L- est er or

thicester; M= H -/ R2ic T2t oft brien, X EERL), G, S O
NH;
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
‘\'



NR; NCOR, NCQAr; 15 Q = CH, nitrogen; phosphorus; boron; and Y=0 S.
Substituted Mol ecules for Miltiple Hydrogen Bondi ng [ 0083] The foll ow ng
reacti onswd-03/089984 a f ew exanpl es of mnultiple enhanced hydreT/IB01/gan? bondi ng
to stabilize the (bistable) position of the centered pinwheel dipole. Rex-
tions 2 and 3 denonstrate how i ntra-nol ecul ar hydrogen bondi ng of the
multiple urea or amde group can increase the hydrogen bondi ng energy
(E=nE(N_EI.,, 0=C)+ nE(c- H. .. o=c) by abaut 12 to 18 Kcal/nmol (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 bredcing 25 of the hydrogen
bonds with two side dipole groups ONH2. It will be noted that this wll
enhance the stability of centrally |located urea dipole to about 3 to 4
times nore stable than the case wi thout side dipolar groups; wthout the
hel p of both side extra two dipoles, its hydrogen bonding energy E is
about 5 Kcal/nole or 0.2 eV. [0084] The reaction schene bel ow (reaction 2)
depicts a figst nmultiple stabilized a- 30 pole, based on the presence of a
plurality (shown here, three) urea functional groups. CH OH A N A (A= NH,
CH2, etc) '"h HNQHNCO'HNO H-"-H-H W 02/059984 PCT/ US01/ 47477
20 5 10 Reaction 2 [0085] The reaction schene below (reaction 3) depicts a
second nmultiple stabilized 15 dipole, based on the presence of a plurality
(shown here, three) ami de functional groups.

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



20 CHOHA OO0OBN 25H CH NONO,,N O HHH E-Field Drection

E-Field Drection

30 CHOH A0O0 00 BONHOC H,

JH NH

I IN'"- H H

H WO 02/ O%039845P&N/ US01/ 47477 21 5 Reaction 3 [0086] The PCalusowiTag?

reactions (reactions 4, 5, and 6) are exanples of making use of the N-HF
bond to increase the hydrogen bonding energy E CHDH10 O N H.. "F-H C
NF. NO, NF H'HH 15 E-Field Direction E-Field Direction + + -
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.
CHa, OH
10 ;
H\ "F——H\ sox L N”HF
W NN O
H “H N
15 E-Field Direction l E-Field Direction
— S _—
20
25
30
E-Field Direction l E-Field Direction
— - 3 + ——
35

I -

. 2C~ AHF"/
O




CHOHOO20F ~H. IC~-H" F*" H FN,ONFN H H H Reaction 4 C OH 25

AaAQOB H' ",FF-HCHF NF NO--_. INF H _ HH 30 E-Field
Di recti orwB-0Biogd984 Di rection 35 CHa OH A0 0 0 B qg~H, .@CT/Uysei/F47~, H F N
ON ,- FNH H HW 02/ 059984 PCT/US01/47477 22 5 Reaction 5 CH CH A
B 1000 N HEN O
22
5
Reaction 5
10
15
E-Field Direction \ J E-Field Direction

20

25

30 Reaction 6

[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
35  (multiple hydrogen bonding reactions 2-6 above):

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

(1D

40 HoN



| O HENF-"HHNF 15 HH E-Field Direction E-Field Direction - .- + + -
- 20CHOHAOOOBN 2500 ,cNHF NH ,FNH I I H 30 Reaction 6 [00871
Formul a (WD)o2losdoew represents a switchabl e nol ecul e with &cmuisoi/piag7 coupl ed
active (switchable) dipole group in the mddle of the nolecule stabilized
by multiple hydrogen bonding to sw tchable groups place on the side of the
central dipole group 35 (nultiple hydrogen bonding reactions 2-6 above):
GJ-, AMJ'~A, 00X Q2O 1E D QD ZkY---B2N Y---H2ZN'Y 40 H2N (I1) WO
02/ 059984 PCT/ US01/ 47477 23 where the letters in formula (I1) mean any of
the followng: A=CH N Calkyl; Chalogen;, CGOH C OR(ether);
G SR(thi oet her )\%vhecr:e- rQ.ledttee;rs illi formula (IT) mean any of the following:
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; 5 B=CH N Calkyl; Chalogen; ; CGOH GC OR(ether);
C-SR(thioether); Camde; L- ester or thioester; C=CH N GCalkyl;

C- hal ogerwvO@2@5998C- OR( et her); C SR(thi oet her); C-am de; LPCFAiSer/473r7
thioester; D= CH N, C-alkyl; Chalogen; COH C OR(ether);
C-SR(thioether); Camde; C 10 ester or thioester; E = CH N, Calkyl;
C-hal ogen; G OH, COR(ether); C SR(thioether); Camde; L- ester or
thioester; F = CH N, Calkyl; C halogen;2€& OH C OR(ether);
C-SR(thioether); Camde; L- ester or thioester; 15 G=CH N, Calkyl;
C- hal ogen; C- Orwppleatri Sehdr No. /SR04 adt heledular Gvigarirakesjstdrs aestigtosed and

G SR(x hi ot her ) el Gl &betcaFmMBuRNRT boygIae, oSk EpBRr2g. 1998, .
CHOCH3; CHOH, (eb89] COAs Qinstehted GHRIEH the Siwitdh 10 the 3esbiR; calNGORp1iME ;2 Q =

CH, nitrogen; phosphorus; boron; and_ Y=0O S. [0088] The technol ogy
di scl osed and c™&r FAlATFRY 1 Forpc PHREL ¢ PR RO WPl Etchsr to fermgheroasbarr

nanometer) may QeicHSae:. b AeRES h 8k hiRay ' bl Rlentibh SloPAS1ANRN th el RIEME 25
vari ety of useful devices 'and circurts for inplenenting conmputing on a

m croscal e and leveymbsn ofielamends oabwitchieh e thgl aanay.viacessdo e sigherpointt eeg.c2mmect s
(MACI) for signal routing. and communi cations are djscl osed dclainmed in
rel ated appl i ca‘fqn(e)rlil)y% rle%fngl\Yé). ageﬁ/%?%ggqﬁﬁﬁm&ﬁlc TR @eé%%s%f@éermﬁbnor y
i s disclosed andcuiraipsses idatrtat fineton Apfebf, aatde@ib&ebok. Neus, £94s380 ,489;

nol ecul ar wire crosshar | ogic, (MACL) enploying 30 programmable |ogic arrays
i s disclosed an]Bn‘if’Ioﬁi‘WHdlﬁ’na"P%?béi g C‘&ﬁ‘&ﬂlﬁ%?‘?% HlOS%P’ie%figecﬁiﬁl:Juncﬁwszlsle@AS; a
denul tipl exgy fohcawiiEha8iMRIZK hbRindbaslOsate BRdatfondr MRAcrbdbdr St e dryO

02/ 059984 PCT/ US01/ 47477
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



24 application Serial No. 09/282,049; and nolecular wire transistors are

di sclosed and clained in related application Serial No. 09/280, 188, all
filed on Warecls®84 1999. [00891 As illustrated in FIG 2pcThsosywisatth 10 of
the present can be replicated in a two-dinensional array to forma
plurality, or array, 60 of swtches to forma crossbar 5 switch. FIG 2
depicts a 6x6 array 60, but the invention is not so limted to the particu-
| ar nunber of elenments, or switches, in tBg® array. Access to a single
point, e.g., 2b, is done by inpressing voltage on wires 2 and b to cause a
change in the state of the no- |ecular €ha8¥8s 18 at the junction thereof,
as descri bed above. Thus, access to each junction is readily available for
configuring only those preselected junctions in accor 10 dance with the t
t eachi ngs her eiwhatDeChirh&l lef t he operation of the crossbar switch array 60
are further discussed in related application Serial No. 09/280,225. [00901
Thus, there has been disclosed chemcally synthesized and assenbl ed el ec-
tronic deviges conpri ai fGn&d %&%ﬁg&ﬁr{ 83 ch Q&N MYol&hBE LHAGREH &ﬁrleéc)‘ibed

swi tchabl e 15 nol ecul ar speci es at tghe intersecting junctions. It wll be
appar ent to thoganekinl dresgbarrgeométsy and thethmeking siabueontgizpiipaseitherdsubstantially

nodi fications aof an _obvi nat ur e be_made,  anpd I ch changes and
modi {1 cat | one. deERSRY Dot b R e @G, Ko B he BEHES o
clainms. 20 WD 02/ 059984 Ry prdITlidd daldiénkemBl ofdldvBblar Whiadhed &1 faldadrombhrigs: 5 1.

A nmet hod of configuring an ensenbl e of nolecular switches in a_prescribed
manner in crossEHY gy MRt ThEHChLRMAES 8% PAE SH T grht T eh hal torar

substanti alloy ;ReLERMBRE oRE whbR)stes Whdtherla@ 8P4 1d Ahdr AERSERIddEesf | UCt Uat i ons,
conprising the steps of: ﬂrga) provi di ng sai d ensenmbl e of nol écul ar switches

in said crosshar g~- onetb)providiessadivactins weatrassegetcopnesiorpieciss ppnadpai r
of crossed wireg E;ﬁc?}zaiif of J(jH)s@ed wited MG QRGN ELE AR v A5G R A0RRNer at
an angl e ot her than 2ero egr ees,;

sion in a range from nanometers to micrometers, wherein 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



(b) providing said junction with at | east one connector species connect-
ing said pair of crossed wires in said junction, said junction having a
functi onalvodee9984 sion in a range from nanoneters to m cr @CEFIEOF4740Ner ei n
said at | east one connector species and said pair of crossed wires forns
an el ectrochem cal cell, said connector 15 species conprising a nolecule
havi ng at | east one active dipole; and (c) either substantially permanently
configuring said connector species where26aid connector species has one
active dipole or stably configuring said connector species where said
connector speci es has no(d réhewingsagl dedhio/feldil@oing. said@wach Jibetamillpernnf
Claim1l wherein said configuration is made substantially per- manent by
formng a si nglE"BoRFNCRISENY connect or species that is at |east three
times stronger than a hydrogen bond. 3. The nethod of Claim2 wherein said
connector species is substantially pa- 25 manently configured by the

foll owi ng steps: (ayt Thymethed Sfé?ldintgwh@ém@ﬁldélb‘éf@geé@tqrmlsggnl@i:eﬂ bne miewher ( b)
appl yi ng an .ext ectric field id ] .0 . j j.d
connector s 5’ eci Sgge?é%i gr)%lnr tgﬂ% Iggogllp N Sgéésqﬁ% ?frf glgéérﬁ‘e]a%ﬁ% ﬂﬁégl‘égeg{c#lgtgf’ %%cg?‘h forns
a bond with a 80 portion of said dipole that is stronger than said

hydr ogen bond; and WO 02/ 059984 PCT/ US01/ 47477 26 (d) renoving said
electric field, leaving said switch substantially perna- nently in said
configuration. 4. TheTaetRaddf CHiRl MvBerdiiehRl ddnsRicd shacdt 0gadinadvalthitie

repl aced by a nenber 5 selected fromthe group consisting of fluorine,

chl orine, NHL, ¥ «aplering pespeiptiveabpads sdlectqdyfrom 51?6 Pioup wersistids of FaNaCin M,

wherein said c ect or i r enyi .SWi.t chabl e y..enpl oyi ng _as iative
bonds. ser ocied THo A TBEGET SRRETMED 15 ] A0 e Qi SpRR3%, 3
(Met) .. N, wher eing Meitdhabl oh Expghswaltent eretrial ficlds RavihgC o BiR@@iogrefgeBiiresaibe i ng

swi t chabl e upon exposure to an electric field having a strength greater
t han sai d 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;



hydrogen bond. 6. The nmethod of Claim4 wherein said connector species is
made permanently 15 configured by form ng a coval ent bond between said
sul fur amdoozpewss 7. The nmethod of Claim2 wherein said ®cANSot/eM47Epeci es
has a formula given by MJ"'~ 20 Tc Q DE H2ZNY (1) 25 where the
letters in formula (1) nmean any of the following: A= CH N Calkyl;
C-hal ogen; G OH, COR(ether); C SR(thioether); Camde; L- ester or
thioester; B = CH N, C-alkyl; Chalogen; 27 COH, C OR(ether);
C-SR(thioether); Camde; C 30 ester or thioester; W 02/059984

PCT/ USO1/ 47477 C2=7 Of; N;CHalky; (Chadddewr] ¢-OFL;-GréIRgether); CSREhiogh@R(Etamate) C-

C- SR(t hi oet her)é npg - L- ester or thioester; D= CH N, Calkyl;

Gnhal ogen; C CH sée(ﬂf?{ ?eﬁgerr,); C- SR(t hioether); Cam de; L- ester or

t hi oester; 5 E B €IdH; N; @aﬁdykﬂ-hal@eh;ad:@ﬁrC-O@:(éﬂTEr);Q-?-GR(tﬁiobmér);; C-amide; C-

C- SR(t hi oether) C-ami.de: L- ester or thi oester; F =CH N Calkyl;

C- hal ogen; C O%es@oé“ﬁ(‘%‘istfé*) C-SR(t hi oether); C-amide; L- ester or

thioester; G= gH ol I\@@Jahéﬂ 1C Iﬁ‘l h.ogeni; CoRtndy); @@Rhﬁ%@ﬂler C-a:rmde C—
C-SR(t hi oether):; C-anide; C er or 'thioester; = . G al kyl ;

C- hal ogen; C- OHgst@- @R(leﬁtsm;r) ; C— SR(t hi oet her); C-am de L-

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.



ester or thioester; M= CH2 ; CF2; CCl2; CHOCH3; CHOH, CHF;, CO CH=CH
CHZ-CH2; S; 0; NH, NR NCOR, NCQAr; 15 Q = CH nitrogen; phosphorus;
boron; armdo 0Y0599%t 8. The nmethod of Claim 1l wherein said ecmfisgusarion is
made stable by formng a plurality of hydrogen bonds within said connector
species. 20 9. The nethod of Claim8 wherein said connector species is
stabilized in one of two stable states by the follow ng steps: (a)
providing said plurality of dipole groups28n said connector species, each
capabl e of hydrogen bonding with an adjacent dipole group on said connector
25 species; (b) for nionGhesattodoifPieint dwhepmohidglipale graiph jompoiss wer or(aplide

appl yi ng an extﬁurl&al 1elreé:tri c field to said junction to configure said
connect or speci es; "RA P ?d))S renoving said electric field, |leaving said
swtch in said stabilized 30 configuration. WO 02/ 059984 PCT/ USOL/ 47477

28 10. The method of Caim9 wherein said dipol eW?r oups conprise urea or
ami de functional griduple mathod offdaigpihwhergip safl dineleipovipsspwion Nebi-& tondol e

groups enpl ay Nk bRo LandincLfase hydrogen bonding energy. 12. The
met hod of Oaim 8 Cvr\%grgfdrrloégi d conhnect or species has a fornmula given by 10
G-JA MJ~~AB FOB Co (ooU ED QD

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;



XETTY---H2NY---H2NY H2N (11) 15 where the letters in formula (I1) mean
any of the followwng: A= CH N GCalkyl; Chalogen; COH C OR(ether);
C- SR(t hi owphey998C- am de; L- ester or thioester; B = CH NRCT@GSal/kwul7
C-halogen; ; CGOH COR(ether); CSR(thioether); Camde; C 20 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 ogen; C-OH, C OR(ether); GC SR(thioethk®r); C-anmide;, L- ester or
thioester; 25 E = CH N Calkyl; Chalogen;, COH C OR(ether);

C SR(t hi oet her W, = CHan\; de-alkyl; (bheﬂ%enoﬂ QM) Gé%li(eﬂler)FCSM)hioeNter)CCsamw,,C
C-hal ogen; GOH , C CNa%et her); C SR(thioether); Camde; L- ester or

t hi oester; G = éfﬁr et kyl; C-hal ogen; C-OH C-OR(ether);

C SR(t hi oet her )M Ceamt, dn*z, (ﬁ:lz,&m@eiHercmm kiHFe $X0e rCHAWDL; 02/08199 84 O; NH;
PCT/ US01/ 47477 29 = N, Cal kyl; G halogen; CGOH C- OR(ether);

C- SR(t hi oet her) é’%%d@coﬁr ester or thioester; M= CH; CF2; CCl2;
CHOCH3; CHOH; %;‘E’C}matro%kﬁgﬂopl{gﬁxs gg;gn ag,d 0 NH, NR; NCOR, NCOAr; 5 Q =
CH, nitrogen; pYo%hoSr us;” boron; and Y=



