WO 03/ 038833 PCT/ US02/ 34670 5 MOLECULAR CROSSBAR LATCH STATEMENT REGARDI NG
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 10 [0001] The U.S. Governnent
has a paiwoup/oBsssense in this invention and the right in POTMSOE64670
circunstances to require the patent owner to |icense others on reasonabl e
terms as provided for by the terns of Contract No. DABT-63-99-3-0003

awar ded by Defense Ad- vanced Research Projects Agency. 15 TECHN CAL FlI ELD
[ 0002] The present invention is related generally to el ectronic devices
whose func- tional |ength scales are neasured in nanoneters, and, nore
particularly, to a latch for use 20 with crossbar arrays based on crossed
nanoneter-scale wires joined by voltage-settable swtches at the
intersecting junctions. BACKGROUND ART 25 [0003] Nano- conputing is based
on the prem se of switches that are of nanoneter scale in the functiona

di nension(s). Exanples of technol ogy used in inpbnmenting nano- scale
switches are disclosed and clainmed in the follow ng: application Serial No.
09/ 292, 767, entitled "Chenmi cally Synthesized and Assenbl ed El ectronic
Devices", filed on March 29, 1999, in the nanmes of Janes R Heath et al
application Serial No. 09/ 28RMOBECUMARIRBSSBARACATOED2/ 34670 2 entitled
"Mol ecul ar Wre Crossbar Interconnect”, filed on March 29, 1999, in the
nanes of Philip J. Kuekes et al; application Serial No. 09/280, 045,
entitled "Modl ecular Wre Cross- bar Logic (MACL)", filed on March 29, 1999,
in the nanes of Philip J. Kuekes et al; U S  Patent 6,128,214, entitled
"Ml ecul ar Wre Crossbar SEAHMEINT REGARJANGREDBRALL Y SHONSORHE:

RESEARCH OR DEVELOPMENT

10
[0001] The U.S. Government has a paid-up license in this invention and the right in
limited circumstances to require the patent owner to license others on reasonable terms as
provided for by the terms of Contract No. DABT-63-99-3-0003 awarded by Defense Ad-
vanced Research Projects Agency.
15
TECHNICAL FIELD

[0002] The present invention is related generally to electronic devices whose fime-
tional length scales are measured in nanometers, and, more particularly, to a latch for use
20  with crossbar arrays based on crossed nanometer-scale wires joined by voltage-settable

switches at the intersecting junctions.

BACKGROUND ART

25  [0003] Nano-computing is based on the premise of switches that are of nanometer
scale in the functional dimension(s). Examples of technology used in impkmenting nano-
scale switches are disclosed and claimed in the following: application Serial No.
09/292,767, entitled “Chemically S);ntllesized and Assembled Electronic Devices”, filed on
March 29, 1999, in the names of James R. Heath et al; application Serial No. 09/282,045,



5 et al on Cctober 3, 2000; and U.S. Patent 6,256,767, entitled

"Denul tiplexer for a M- lecular Wre Crossbar Network"”, issued to Philip
J. Kuekeswetozabssen July 3, 2001, all as- signed to the sameTase2/gee®e as t he
present application. [0004] To have fully general conputing, one nust have
not only logic functions and nenory functions, but we nust be able to take
a logical variable and put it into a nenory 10 and be able to reuse it as
the input to another logic function. This allows one to build finite state
machi nes and thus do conpletely general conputing. One nethod of doing this
is to use a latch. [0005] While such a latch is well-known in the art of
general conputing art has devel oped in the year 2001, advances in
the art of nano -“é@fpr‘MP]ie‘ﬂ’&f Werg Gropsbar Fegeoumect”i8ed op dlrech @B, 1% ndvarmipsiohg a

| at ching functi opdpi it Kudkts & Re, a@e@mwN§C@}z@oO4BQ&9@&“ﬁ&&amw@@&mgss needed
is alatch that is speC|f|cain configured for nanoneter- scale conputing

and is conpat i bl @& [egicsMPCIy. filvd amMareiette 1998 dathe ninesg piRhilipl SOEGSUIRE Uk

| NVENTI ON* 20 [OpaQeH 12@ 2%819&19@‘%0%0%1‘ \plret (?rgsslpag El%egr%’,llsgu% flhl% ZI Ka m)l ecul ar
crossbar latch is , nprising Tror Wr s an ST gnal
wire that crossesd at breOctvb:er a,ozooo cahd Wi s @&ezat6 286 76ﬁiCHﬂHtlBéf‘Denﬁ1hgleﬁar de aM)er eby

f t h t tch and
the ] aneti on hast 3Pt DRGSR AT HE e B A HATORED 57 & on ML Pyl o

sel ectively 25 hdgedtb the eaphssione adliné presemapplivatibd age states, ranging froma 0
state to a 1 state mher&iq?tﬁﬁge is an asymretry with respect to_the
direction of cur®®l fIowWorrE ﬁgm?1@W%FW%P¥%mFﬂ?@@8me8H§ﬁPﬂﬁ%ﬁP@n
conpared to anotiheior} ﬂﬁlﬁ&dsQﬂt wdhGilht bedle it Bbdical TaRiMead S b G m@Rg, | uncti on
into (out owi the signal wire can open closgiﬁthe flrst switch while
current flowtthg TAPHIGHO Ut Bty ctigfy. T pflowy ong kpebudld Gl WI re

can cl ose (open)giddi@acRibdd@hd B doCddm Fl@&? géﬁgd%ﬁlﬂﬁﬁé Bie ngd'“cl§g<§14g%§ £9 3

wherein there is a voltage thresho switch bet ween an open switch
and a cl osed use a latch.
[0005] While such a latch is well-known in the art of general computing, as that art

has developed in the year 2001, advances in the art of nano-computing require new ap-
15  proaches to deweloping a latching functionality at the nanometer scale.
[0006] Thus, what is needed is a latch that is specifically configured for nanometer-

scale computing and is compatible in size with nanometer scale logic.

DISCLOSURE OF INVENTION

20
[0007] In accordance with the present invention, a molecular crossbar latch is pro-
vided, comprising two control wires and a signal wire that crosses the two control wires at a
norrzero angle to thereby form a junction with each control wire. Each junction forms a
switch and the junction has a fimctional dimension in nanometers. The signal wire selectively

25  has at least two different voltage states, ranging from a 0 state to a 1 state, wherein there is
an asymmetry with respect to the direction of current flow from the signal wire through
one junction compared to another junction such that current flowing through one junction
into (out of) the signal wire can open (close) the first switch while current flowing through

the other junction out of (into) the signal wire can close (open) the other switch, and



switch. [0008] A nethod is provided for latching |ogic values onto
nanowires in a logic ar- ray. The nethod conprises: 5 [0009] (a) providing
t he nol ecwbaw/osssessbar | atch; and [0010] (b) applying a sequarso®34fo
voltages to the two control wires that re- sults in setting the switches of
the two junctions such that either the first swtch is open and the second
switch is closed if the signal wire had a voltage representing a |logic 1,
or the first switch is closed and the second switch is open if the signal
wire had a voltage representing a 10 logic 0, thereby |atching the signal.
[0011] Secondly, a method is provided for3restoring a voltage value of a
signal in a nano-scale switch. The nethod conprises: [0012] (a) providing
the nol ecul ar cr¥seBdber iportage gl forsyjtching betpgigan ppen &¥itsh a1d adosethove; and
15 [0014] (c) pl@ging a voltage representing logic O on the first control
wire and a voltage representing logic 1 on the second control wire. [0015]
Final ly, a methol@008s pr ovA aetodfipprovided éor laickieg logis/@lupssagte nommivires ivd logic &1 gnal i n
a nano -scale sw T t hod conprises: [0016] (a) providing the

nol ecul ar cr ossbég%'t[ﬁéﬁl %%?%orggggef'ml?] (b) latching the signal as above; and
[0018] (c) pl=ciegon vol t age (appoedeyibennipcllagiossbd lagh; shdhe first control wire
and a voltage re enting logic 0.on the secqnd control wire. [0019] No

| atch has previ o@@l%i been deng’hggpg'ﬁlgéﬁeqﬁ?cetqﬁg&ﬁgﬁgﬁ@tt‘g?coélg%'{lwg’?sL]L?hr@' present
i nvention al | owssuls ihsRiagbe Stitcks af e twd jubftiohsudd@had elihér 1S bwildE ls@pknand
integrated with 25 other circuits using the crossbar. Further, the present
i nvention provi dBgseeend viidhis slatst  fhe signg wire hadp yqtpgs depgrpenting adesisi iy ordieyist ogi ¢
signal , restor atdwh iOfokBid the SdcHARWitRT RO He siPASRe RhEL Vol Efepressiti@fa Of t he

| at ched output, and nultiple | atches with very few cl ocking connections to
outsi de ci rii tlesic ortherelydriddina e FigHl of t he proceeding features allows the

construction of [ﬂﬁllﬂ trari Sieyondly, a method is provided for restoring a voltage value of a signal in a

nano-scale switch, The method comprises:

[0012] (2) providing the molecular crossbar latch;
[0013] (b) latching the signal as above ; and
15  [0014] (¢) placing a voltage representing logic 0 on the first control wire

and a voltage representing logic 1 on the second control wire.
[0015] Finally, a method is provided for inverting a voltage value of a signal in a

nano-scale switch. The method comprises:

[0016] (a) providing the molecular crossbar latch;
20  [0017] (b) latching the signal as above ; and ,
[0018] (c) placing a voltage representing logic 1 on the first control wire

and a voltage representing logic 0 on the second control wire.

[0019] No latch has previously been demonstrated at the nanometer scale. The

present invention allows a nanometer scale latch to be both constructed and integrated with
25  other circuits using the crossbar. Further, the present invention provides at a nanometer

scale: latching of an arbitrary logic signal, restoration of logic signal strength, possible inver-

sion of the latched output, and multiple latches with very few clocking connections to outside

circuits. The combination of the proceeding features allows the construction of arbitrarily

complex logic designs.



conpl ex |l ogic designs. WD 03/038833 PCT/ US02/ 34670 4 WD 03/038833

PCT/ US02/ 34670 5 BRI EF DESCRI PTI ON OF THE DRAW NGS [0020] FIG 1 is a
schemat i cworoansssgs depi cting the |ogical function of a |atchuso(/®8®2d] FI GS.
2a-2b are schematic drawi ngs, depicting howto go froma switch 5
representation to a voltage representation; [0022] FIG 3 is a schematic
drawi ng, depicting howto go froma voltage repre- sentation to a switch
representation; [0023] FIG 4 is a schematic drawing, in perspective, of a
| atch configuration in ac- cordance with the present invention, conprising
two control lines and a signal line that 4orm 10 two switches; [0024]

FI GS. 5a-5b are each a schenmatic representation of an asymmetric switch in
the open (FIG 5a) and closed (FIG b5b) positions; [0025] FIG 6, on a
vertical scale in volts, depicts the voltage |evels involved in go- ing
froma voltage representation to a switch representation for the operation
of a latch; 15 [0026] FIG 6a, on a vertical scale in volts, depicts an
uncondi tional open pulse and an unconditional close pulse; [0027] FIG 6b,
on a vertical scale in volts, depicts a conditional open pulse and a
conditional close pulse enployed in the practice of the present invention,
[0028] FIG 7, on a vertical scale in volts, depicts the pul se sequence to
latch a bit; 20 [0029] FIGS. 8a-8b, each on a vertical scale in volts,
show the voltage levels on the latch of FIG 4 to unconditionally open
both swtches (FIG 8a) or to conditionally close one or the other switch
simul taneously (FIG 8b); [0030] FIGS. 9a-9b, each on a vertical scale in
volts, show the voltage |levels on



the latch of FIG 4 to conditionally close one switch and then the other
swtch sequentially as 25 an alternative to the enbodi nent depicted in

FI G 8b; WwO03M}s8B3 G 10, on a vertical scale in volts, shee3/uSaz34600 t age

| evel s on the latch of FIG 4 to restore |logic values due to degradation
of a signal level; WO 03/038833 PCT/ US02/ 34670 6 [0032] FIG 11 depicts
the use of a single pair of latch lines to control many | atches and
thereby | atch separate | ogic values onto a | arge nunber of nanowires at the
sane time; and [0033] FIG 11 a is an enlargenent of a portion of FIG 11.
5 BEST MODES FOR CARRYI NG OQUT THE | NVENTI®ON Definitions [0034] The term
"sel f-assenbl ed" as used herein refers to a systemthat naturally 10
adopts some geonetric patt erERIBEPEISHPHON QETHEPRAWINGSf t he conponents of
the system the system achieves at least a local mninumin its energy by
adopting this configuration. [0035] The term "singly configurable" neans
that a switch cafif2hange HIgd sz sghematisdaying slpieing thalogiea! fnctievefadich] e pr ocess

such as an oxi dagj or r i r ion. .such.a swtch an be the basis
of a progr ammb?@bérlgad-onlﬁgg%ﬁzggrf S?%&%%(ﬂ or 8@%‘%%}%8‘.’ F01‘%3 ﬂ[%ﬁjtfﬁi‘]lmhrhe term
"reconfi gur abd e"represamaion hatvolagsepresedtatiogn change its state nultiple tines
via a reversible cess ch. as,an oxidation or. reduction; jn other words,
the switch can [BQJZ pene -ndséf%‘gl’éa&cﬁﬁfv‘e’% RACHRE iy o 8 from avoltage repies ppr y
bits in a randomeagior®s swithi®feenhafM) or a color pixel in a display. [0037]
The term "bi-stable"” as a gl | ed 510 a nol ecul e means a nol ecul e having two
2 0relatively I@W%nergﬁ 14 8 schergage drayyingy miperspeciive 9E4 lgfh qopfigugioniingst i on)
barrier. The nol @akce wille prient BivénR@, cnfpfi@isk SRk nSWiddG Iesh i@ @Re Sstate
to the other (singly configurable) or reversibly swi tched fromone state
to the ot herl{r c¥BaviHur abl e) .

[0024] FIGS. 5a-5b are each a schematic representation of an asymmetric switch
in the open (FIG. 5a) and closed (FIG. 5b) positions;

[0025] FIG. 6, on a vertical scale in volts, depicts the voltage levels involved in go-
ing from a voltage representation to a switch representation for the operation of a latch;
15  [0026] FIG. 6a, on a vertical scale in volts, depicts an unconditional open pulse and
an unconditional close pulse;
[0027] FIG. 6b, on a vertical scale in volts, depicts a conditional open pulse and a
conditional close pulse employed in the practice of the present invention;
[0028] FIG. 7, on a vertical scale in volts, depicts the pulse sequence to latch a bit;
20  [0029] FIGS. 8a-8b, each on a vertical scale in volts, show the voltage levels on
the latch of FIG. 4 to unconditionally open both switches (FIG. 8a) or to conditionally close
one or the other switch simultaneously (FIG. 8b); '
[0030] FIGS. 9a-9b, each on a vertical scale in volts, show the voltage levels on
the latch of FIG. 4 to conditionally close one switch and then the other switch sequentially as
25  analterative to the embodiment depicted in FIG. 8b;
[0031] FIG. 10, on a vertical scale in volts, shows the voltage levels on the latch of
FIG. 4 to restore logic values due to degradation of a signal level;



[0038] M cron-scale dinensions refers to dinensions that range froml
mcronmeter to a few mcroneters in size. 25 [0039] Sub-m cron scale

di mensi onworoafsss33t o di nensions that range from1 m - cromerdarsodswnoto 0. 05
m cronmeters. [0040] Nanoneter scale dinmensions refers to di nmensions that
range fromO0.1 m noneters to 50 rn.noneters (0.05 mcroneters). WO

03/ 038833 PCT/ US02/ 34670 7 [0041] M cron-scale and subm cronscale wres
refers to rod or ribbon-shaped conductors or sem conductors with wi dths or
di aneters having the dinmensions of 0.05 to 10 mcroneters, heights that
can range froma few tens of nanoneters t® a nicroneter, and |engths of
several mcroneters and |longer. 5 Present I nvention [0042] The present

invention al | owsORE t o Hiif!d dreiischrase ¢f e singleras o5 ik insvip catielanany letehss s bar

switches are di sglasesl hibh {PRadBAY Sitlet ShElPObBRt: ARRMRALI RS AR, | Ssued
patents. [0043] FIG 1 shows thé logical function of a latch 10. There is
an input D 12, a#®d10 output Q 14, and a latch control L 16, such that the

state of L detergifes wh I i h J ogical . value as D (L=O or if
L=1, then Q ret aljiaaﬁééft he \?é?'ﬁlelal(o;?ﬂ%la}ﬁel%%%gﬁgg%n(%ﬁgﬁé}iged fromO to 1.
Thus, Q=Dt i¥ L=0 and Q+i=Q if L=I. The signal has been latched in the

| at- ter case. [0044] Th L f ' Lty t g must have in
order to build a latch i ; 5 6 s th between a
vol tage representation of a logic value (logic) and a swtch
representation of a.logic value (nmenory). FIGS. 2a-2b show how to go froma
switch represent to a voltage representation. Clearly, the given
signal line 18 cg4pe SelThe tehn ClckhRémbed®asOfsePheteint¥iecld 3 1 GskiiOhat Q0P|

swi tches 20, 22, one of which connects to a |ine 24 which pulls up and the
ot her whi ch bnrAdgitssomg segmetrippatiorg begpse of theiidendty alghgrrompdnentyd ths fystemnthe 2

system achieves at least a local minimum in its energy by adopting this config uration.

[0035] The term “singly configurable’” means that a switch can change its state only
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.

15  [0036] 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 access
memory (RAM) or a color pixel in a display.
[0037] The term “bi-stable” as applied to a molecule means a molecule having two

20  relatively low energy states separated by an energy (or activation) barrier. The molecule may
be either irreversibly switched from one state to the other (singly configurable) or reversibly
switched from one state to the other (reconfigurable).
[0038] Micron-scale dimensions refers to dimensions that range from 1 micrometer
to a few micrometers in size.

25  [0039] Sub-micron scale dimensions refers to dimensions that range from 1 mi-
crometer down to 0.05 micrometers.
[0040] Nanometer scale dimensions refers to dimensions that range from 0.1 1e-

nometers to 50 mnometers (0.05 micrometers).



20 that pulls down is closed, and the other swtch 20 is open, then there

will be a 0 on the signal I|ine 18. If the swtch 20 that pulls up is
cl osed, awo oBi08s8sas her switch 22 is open, then there w || Po#nsod34wm t he
signal line 18. The |ogic value of the switches 20, 22 has been transferred

to the voltage representation of a logic value on the signal wire 18.

[0045] FIG 3 shows the essential nethod that can be used to go from
voltage rep- 25 resentation to switch representation. This a crossbar
switch, conprising a switch 28 at the junction of two crossed wres 30,

32, and one can either open or close a swtch based on the vol t age
difference of the control |ine 30 and the signal line 32. (The wires 30, 32
appear to be inl0fHé sané“ﬁwaﬁ@kf@éﬁwmmﬁm?%ﬁFN@?sm%ﬁé°éﬂd§§é%mwﬁﬁméther at
sonme non-zero ang)hﬁmto&%@enuc&ﬁut&fs ngl%&i&g)';‘ @%ﬁete}s I'Ja\;m tﬁe r§1¥10 go VOl t age
on the signal line 32 to open or close one WO 03/ PCT/USOZ? 4670
switch 28. This m§ﬂvh@$ﬂ@mwﬁm@nmmﬁmse$m1m@maﬂbwfmmﬁmWEnbmynmmm@mﬁmbssbar
array, as disclog %%E smw%? mnmﬁégghkg€%28 214, supra. The latch function
requires that a si PeVo on a srgnal wre 32 opens one switch 28 and
cl oses anot he¥. [0046] FI G 4 shoms t he physical configuration of the latch
100, in accordan&$QWMWHMm5 the present invention. Two control wires 130 and

230 cross a sign 2. The resu no ec | ar. junctions
128, 228 are con b ted S PR m%§?ﬁﬁ@?$g’egﬁﬁﬁi%%%gﬁchmﬁ ﬁﬁgg%ﬁbns to
t he signal w re (3&bar Fagchasneriseibsey in@e abdve-lijtedpatnit aipSicafich8 and2sdded bfengshown by
the synbol for a nnleculgﬁgsmﬁtch as an arrow at one end and a

circle at the ot &l 11 BIEH ?ﬁggfpﬁﬁmiﬁgq”@ﬁﬁ'ﬁﬁ§“Vﬁ€PHd%L%mbl st abl e

nol ecul e thatoi Soufpit @ Qh]%ﬁﬂ £1att®contrd) M 18N BchSthaA e stht® o N@keRBihes whitRer ©lio@s Of
bi - st abl e ol ecul es_ t hat may_be repeatedly switched fromone state to

anot her and back*Halpsita Vaé‘ﬁ'ﬁf By orif b Queteipsche “alpe effiiat i Emehehapasd en-

tion. Such nol ectdses «f EIHIL QLD 1@@0&@Q+%}@f‘¥fLaf@he%%lﬂlﬂﬁlaéﬂfatcﬂeﬁn%t(random
access menmory) devices. [0048] Exanples of bi-stable nolecul es that

perforn1smntch|n@“@W an el ectrochem - 15 cal reaction (reduction-oxidation,

or "redox") incl tdﬁ':ﬁ] the I’ﬂfe AXAG %mct[%ﬁa%&qﬁt En%tn%)s(t%n\% it order to build a latch is to

15  be able to go back and forth between a voltage representation of a logic value (logic) and a

switch representation of a logic value (memory). FIGS. 2a-2b show how to go from a
switch representation to a voltage representation. Clearly, the given signal line 18 can be set
to either a 0 or a 1 by using two control switches 20, 22, one of which connects to a line 24
which pulls up and the other which connects to a line 26 which pulls down. If the switch 22
20 that pulls down is closed, and the other switch 20 is open, then there will be a 0 on the signal
line 18. If the switch 20 that pulls up is closed, and the other switch 22 is open, then there
will be a 1 on the signal line 18. The logic value of the switches 20, 22 has been transferred
to the voltage representation of a logic value on the signal wire 18.
[0045] FIG. 3 shows the essential method that can be used to go from voltage rep-
25  resentation to switch representation. This a crossbar switch, comprising a sv;/itch 28 at the
junction of two crossed wires 30, 32, and one can either open or close a switch based on
the voltage difference of the control line 30 and the signal line 32. (The wires 30, 32 appear
to be in the same plane, but, in reality, one crosses the other at some non-zero angle, typi-

cally, 90 degrees.) It is easy to use a voltage on the signal line 32 to open or close one



cat enanes, and spiropyrans. Such bi-stable nol ecul es may be enployed in the
practice of the present invention. [0049] The functionality of the
asymet r i wososssbes 128, 228 is shown in FIGS. 5a-5b. ThecTursor/s4smno of
opening (closing) a switch depends both on the voltage across the 20

swi tch being above a threshold and on the direction of current, shown by

arrow 34. If the voltage is below a threshold, then the swtch wll not
change its state. If the voltage is above a threshold, then the switch
will open if the current is in one direction or closed if the current is

in the opposite direction. The conventior® relating the direction of current
(fromhigh volt age to |l ow voltage) to the physical direction of the
asymetric swit cHitfi8sHiinthg fincpred setting 2 it ofgpemofyin preysbanagray. ppdisclgpeddct | on of
the current 34 iggimihf¥128208 Hird GGL 1LRR fRSiod REuASHATEhJd Foltas VA § Gfha128. | f
the voltage is ab_oveet hreshol S, “Then this wll cause t%e sv%§tch 28 to
open. Conver selWire 3 apems @e sWitsh 28 fnd clgpes anothpion of the current 34 is in the

opposite directi s th mtr'c. w t.ch .22 . vol t.age i.s above
t hreshol d, then [ﬁ(ﬂfsﬁ Wi | %I%'Z'Eps{oe t gﬁygl\?maﬁfoélﬁ%gw %hgllaccPtcl)@Zl.na 78’&’8833
PCT/ US02/ 3460 B fr365 D enfdnGIwdcontrdl witsr1at ed 28(e@osw o kigrahwird 18Y.dhsresuling he
system needed to understand th rafion of the latch 100. The energy
Tovel 5 shown ar PRSI CHETE A2 SAE® TRVVEH R4E" BEPRESALHE S gna
line 32 and t he G@Bdibslto the BignaBlire IBRETHIRSMmpIBSHftiticVi@hchddl 1YE8W shbwiopen t he

switch 28. Below that are a strong 1, which is the initial value of a logic
1, and a weak 1 t%ﬁ%‘?%ﬁr?glolﬁ%@rﬁwe}egeegféww@éﬂ%at\femeeﬁméa|°6¢éﬁ%thi°¢1%ﬂ permtted

to degrade. Corrgggpndi NGHadh julch&r 188, 20Smay NORK a B staBlehAAMIhA is sAfidlalde MOSt
negative voltage which will close the switch 28. The relative order of

these vol t ages afIome seé aihenlhe dlessbbsiatcrleshes thaopavip reppasdyetitdebns an
uncondi ti onal Op@oﬁl&Hké@t@ﬁo@e?%mcm&%@%ﬁbﬁ&ﬂmefﬁr?&i@e of BldpR&ndfenThese are

ef fective i ndependent of the voltage on the ‘signa ine 32, as long as the
10 signal |ine Has Sach redehles resgl in devadesibatlpetequinalentds RoMdgraddomncestmenpy) 0. The
pul se 36 shows that if the control line 30 goes sufficiently positive in
absol ute vol t age refative to ground, then the

[0048] Examples of bi-stable molecules that perform switching on an electrochemi-

15  cal reaction (reduction-oxidation, or “redox”) include the rotaxanes, pseudo-rotaxanes,
catenanes, and spiropyrans. Such bistable molecules may be employed in the practice of
the present invention.

[0049] The functionality of the asymmetric switches 128, 228 is shown in FIGS.
5a-5b. The function of opening (closing) a switch depends both on the voltage across the

20  switch being above a threshold and on the direction of current, shown by arrow 34. If the
voltage is below a threshold, then the switch will not change its state. If the voltage is above
a threshold, then the switch will open if the current is in one direction or closed if the current
is in the opposite direction. The convention relating the direction of current (from high vol-
age to low voltage) to the physical direction of the asymmetric switch is shown in FIGS. Sa-

25  5b. In FIG. 5a, the direction of the current 34 is in the same direction as the asymmetric
switch 128. If the voltage is above threshold, then this will cause the switch 128 to open.
Conversely, in FIG. 5b, the direction of the current 34 is in the opposite direction as the
asymmetric switch 228. If the voltage is above threshold, then this will cause the switch 228

to close.



vol tage difference across the junction reaches the voltage to "opera

i ndependent of the sig- nal line voltage. The pul se 38 shows that the

swi tch 28wwaioBlo3gses unconditionally closed if the control [PCAASBD3@0ES
sufficiently negative relative to ground, again, independent of the signal
15 line voltage as long as the signal line has a |legal (between logic 0 and
logic 1) voltage. This is exactly the nethod used to set or reset bits for
use in nenory or to define a programmable 1logic function. [0052] The
interesting variation, which is at the heart of the present invention, is
that one can create conditional open or ¢l ose pul ses as shown in FIG 6b.
The pulse 136 in Fl G is a conditional open pulse. If the value on

the signal line B¥0s a v%gk6 iluﬁ?tes fhesyoftegs fpvels indhgaysteptnsedshiorvagersead the | | open.

I'f the value is @eM@Rkos@e Bich 300, FRGenblgy E%%@h&ﬂ%@dﬁ%ﬁ&%@&ﬂ%ﬂcé inRtage OPEN
because there will be insufficient voltage across the swtch to open it.

The pul se 138 i sbetwgencndgoellisnal and [thssentriph fing 0. Timpymgst pcfsmtqultagaweopgnﬂm he
signal line is asv&g)t 1‘1}%8' hel&\bﬁla%ers%gngzﬁwﬁllﬁ)ﬁ%e uut[lapxoai%] g-arplgl We%g wor ks

because the switch fornms an asymetric tunnel junc fé asymTetrl o
nmol ecul ar swii chwl]lqhn%tm bwesm@ue bevlscmaﬂ«rghelds pmmhedeo tdaede. Ccnraebohdmlyaﬂlere

(latchi ng) pul ses QL i onal uss Jret'on of .cu t flow 34
t hrough the devicé": |n one tO’r egtal o Vevﬁ gag clloﬁeethﬁ ﬁvgtché}g(ﬂﬂ?zi ng",
whereas in the Gphtﬁﬁblﬁ&oﬂﬂlésemﬂmgaﬂallowithdlﬁch worsindesed to be "net reducing”;

see FIGS. 5a-5b._The rm I unction_js characterized by a sharp,
anal ytical oxi di@?ﬁq}g Swi &gﬁ'égdh%la?%@#%H%Pﬁgaﬁseéél%ﬁl‘F?é figpakolage . Al |

swit ches WD 03/ %&8@3M&&@Q&fv@ﬁ@%&d&ﬂ-@ftlﬁi'\@ltdgél&pﬁi@élénbl%@-ﬁ ¥% 1&peded prior
to the start of cal cul ation, ic output wire has a vari- able signal

| og
VS1 or VSO jr‘bprsé%@ A 1?‘7@;3 legdl W@P Vaé“efet?f?enétr"zléll énd spreng Qe Breipyles 3p shome fhatif i ng t o

FIG 4, on the g @@l W J080k32maRty MR8 ASaRt b&thge%ﬂu%éto%d daPmcan be
put a vol tage Vcond. 005 The opening and closing of the swtch 28 is

asymmetric wit h Yodagpédifference agrope the jupesion srarbestthaliqee ¢ fopirtmdapendeneofdicisige) acr oss
e e on ol 008855 . S8 o FEELMIBREHP,2, )
si ngl e signal | il BR 3¢ geembufiipientivmegativeatlitivnts g, ag2id Sndegudsht of thasigiahe
polarities Q_ITS t h]?le %o‘ﬁ@ge as long as the signal line has a legal (between logic 0 and logic 1) voltage. This is
exactly the method used to set or reset bits for use in memory or to define a programmable
logic finction.
[0052] The interesting variation, which is at the heart of the present invention, is that
one can create conditional open or close pulses as shown in FIG. 6b. The pulse 136 in FIG.
20  6bis a conditional open pulse. If the value on the signal line 32 is a weak 1 or a strong 1,
then the switch 28 will open. If the value is a weak 0 or strong 0, then the switch 28 will not
open because there will be insufficient voltage across the switch to open it. The pulse 138 is
a conditional close pulse. Only if the value on the signal line is a 0 will the switch 28 close.
[0053] The latch 100 works bécause the switch forms an asymmetric tunnel junc-
25  tion. The asymmetric molecular switch junction may be switched with either conditional
(fatching) pulses or unconditional pulses. The direction of current flow 34 through the device
in one direction is considered to be “net oxid izing”, whereas in the opposite direction, it is
considered to be “net reducing”; see FIGS. 5a-5b. The nmlecular junction is characterized

by a sharp, analytical oxidizing switching voltage to close, called herein “VM?”. All switches



junctions are reversed fromeach other with respect to the signal |ine,
then the two junctions may be used as a latch. This latching is done by a
sequence wD 0poBssas, an unconditional open 10 pul se fol |l owed/usp2/ssndi ti onal
cl ose pul ses. [0055] FIG 7 shows how this works whether the signal line
132 is alor a0 On the left hand side, where there is a logic 0 on the
signal line 132, an unconditional open pulse 36 wll open the swtch 28
and the subsequent conditional close pulse 138 will only close the swtch
if the signal is a 0. But as shown on the right two pul ses 136, 38, a logic
| voltage on 15 the 5|gnal line 132 will Yesult in the switch 28 bei ng

open. The pul ses 136 u weak O can_ cl ose the
switch 28 but a GesK® aaﬁh?ﬂene 26) %éo et 5°§fagc um[ﬁ@é‘@]“’lﬁl"ﬁ%me@éav@b and 7
i 1lustrate namedabkoigha (i1 bbevsy, ﬁ:pxéséhtﬁagelﬂlez‘Satlr&agerQmesyhe@Jélnyefen\n%@d(FIéz4 strong
1, and open) and a groglnd | evel le the order is essential as to the

naned vol t age |8/ i"freiFd 4nd prstheygaptod wirest18Q) 23 can browen wltage tr¥epndn t his art
that the ground [0@541 | i's T@Qpenglggndtélo\ﬁgg of R dwitdhSs R gﬁ’ﬁ%&l@#ea% fo dr aw ngs

is for |IIustrat|on aAf:&oses on iI's not | ntendeo ere [imt
the invention? [0U5F ]Ff)) oxgive g-nmﬂ\@h@vvswlﬁewmnﬁlag@ﬂloeen@t @oseﬂle vw11|cle§h1i30 230,

and 132. The_ VO! &eﬁne"gggolﬁyefopﬂlé R\gtcﬁ/&r ffl eacl ?n%&tgt%g seHTrqtﬁ: cé%rol hnes 1%)h§3r0 tVO| tage at

the top, as indicated. direction o SWi t °Bet ween
wire 132 and wi r@glelsmaléin@ma‘mmmwsjumuys b s@hlﬂm/\théﬁolaiﬁd; E£itedke synbol

di scussed with r n The vert.ical dashed lines 44 show
the threshold vd g%ngar%geé' Segﬁf’%le%(;hé’nerc}xflﬂléﬁs%géo ﬁ%%@)ﬂ??flﬁ Q’?ﬁ"é’ﬁl’lﬁffﬂm vol t age
| evel s shown fomawuemedmatar @In{lfatblﬁﬂfgﬁmmemymsh@&iceﬂﬁpulsés,raﬁﬁ@oﬂdmoﬂw@fkn1 weak
0 and st rong]CO I‘:J#fo gb (gll ctg1 f ncondi ti onal open condition, while
FIG 8b depi Ts R TOUYE Y FRfaalslogddsescondi tion. In FIG 8b, switch 128 is
closed if wire 1(@8ssis at EG.17 shwieiowaks ks e S siehial R 834038333, on

PCT/ US02/ 34670 11 closed if wire 132 is at a 0. In FIG 9a, switch 128 is

closed if wire 18leffhandsidegwhere thereds plagic § op thsigm! linl 32, enimeenditioRBoppspulst osed | f
wire 132 is at a3dvill bgen ik Gitcd 95 andl mgsdb&&leﬁt c&ﬂlﬁ&%?cl(%@ﬂﬂge A& otﬁ}'i (%g%e are

rest or ed.

switch if the signal is a 0. But as shown on the right two pulses 136, 38, a logic 1 voltage on
15  the signal line 132 will result in the switch 28 being open. The pulses 136, 38 are designed
such that a weak 0 can close the switch 28 but a weak 1 cannot close the switch.
[0056] FIGS. 6a, 6b, and 7 illustrate named voltage levels (close, strong 0, weak 0,
weak 1, strong 1, and open) and a ground level. While the order is essential as to the named
voltage levels, it will be appreciated by those skilled in this art that the ground level is reh-
20 tive, and its placement in these drawings is for illustration purposes only, and is not intended
to thereby limit the invention.
[0057] FIGS. 8-10 show the voltage levels on wires 130, 230, and 132. The vot-
age is in the vertical direction, with higher voltage at the top, as indicated. The direction of
the asymmetric switches, between wire 132 and wires 130 and 230, is shown by the arrow
25  and circle symbol discussed with reference to FIGS. 5a-5b. The vertical dashed lines 44
show the threshold voltage needed to open or close the switch. The four voltage levels
shown for wire 132 are (from top to bottom) strong 1, weak 1, weak 0 and strong 0. FIG.
8a depicts the unconditional open condition, while FIG. 8b depicts the conditional close
condition. In FIG. 8b, switch 128 is closed if wire 132 is at a 1, whereas switch 228 is



[ 0058] The sequence of voltages is shown in FIGS. 8-10. A sequence of three
9r 5 four separate pairs of voltages results in the value that was

i nitiall yworn3ibss3zsi gnal |ine being re- stored to its full Pcagisozsshue, and
kept on the signal line indefinitely. By "voltage pair"” is nmeant the
voltages on the two control |ines 130, 230. [0059] The vol tage sequence has

three steps: [0060] (1) Unconditionally open both 128 and 228 sw tches
(FIG 8a). 10 [0061] (2) Conditionally close switch 128 if S = 1,
conditionally close switch 228 if S=0 (FIG 8b). [0062] (3) Connect wre
130 to logic 1 voltage level (FIG 9a); connect wre 230 to logic O

vol tage |l evel (FIL.G ,9b).. ]0063 p.2 efg)o e sinmultaneously for both
swi t ches as shomﬂoﬁeﬁgl‘—vgxﬁs}g’[zéﬁta&fghﬁi %aesr“ﬁntgqlpgésl ,Squct"@rﬁ 152 i3 LehetfaiR i n two
consecutive sub BkEPpS safich2POMWIoded iffife. 1398 288l In BB, 10M8NBicSMiudsGhd hid® 1S

cl osed and then switch 228 is closed. This has the advantage that the

cl osing of switchenebaeExMsfot disturb the logic value on wire 132 and thus
accidental |y cl pagybot h it Ehesrh oA i0neeBn FRREEIh £ alldfee MARD SWi t Ch
128 is conditi ongpﬁl/ cl osed,s C{ahen0 th‘eg stsate I(I)1 swi tch %%Jé feso I'e tQ§
unchanged by appfoyi sapprate paiel of agjiages resulivin the yiluewiar wes 28i@llytoh dit siggl ladbeingsuf f i ci ent
to change the st Eﬁl)’l]. - + Further, n sw.tch 228 is
condi- tionally c rgdstg%s, t %Cﬁﬂ{uﬁ%%sk%ﬂg%%%%&évﬂmt%%ﬁﬁg% ]%y\é@q%ae%epmuhsc e%lnﬁged by
appl yi ng a vol t athevaltages arthe tvo odntreliling 13@2B0t hat is i nsufficient to change the
state of switch (FI G ,9b Thus wi.tch 228 will not change its state
during the fi rsteoﬁg% stepT,‘hec'X?ﬁ1 gess\ffﬁuﬁl@ﬁﬁ?%eeﬁeﬁ' not change its state during
t he second sub sfoe¢o]r egar dl es $l) UhconliginkiBrop&itiotha s ahd 828w GRS(FIE. 84)0t . 25

[ 0064] The present invention als rovides a |ogic inversion function. In
the last step® (¥P6llif one re r@&@“‘iﬂmy&ﬁ”@\f‘?ﬂ@hg? P& T docondtionplly <5 ch wire

is pulled down byichomsfngo tHG. sheverse the voltages, then one can invert a
signal by latching it. By setting wire 130 to a strong Iogic 0 voltage and
wire 132 to a sti8® | ogic 1 (BIGarge Wi 130 éplogc | vplessierphliCi); konest
inverted. WO 03/ Q3883% b5l $4pRe 13408, ob).

[0063] Step 2 may be done simultaneously for both switches as shown in FIG. 8b.

15  Alternatively, Step 2 may be done in two consecutive sub steps as shown in FIG. 9a and
9b, where switch 128 is closed and then switch 228 is closed. This has the advantage that
the closing of switch 128 cannot disturb the logic value on wire 132 and thus accidentally
close both switches 128 and 228. Specifically, when switch 128 is conditionally closed, then
the state of switch 228 is left unchanged by applying a voltage on control wire 230 that is

20  insufficient to change the state of switch 228 (FIG. 9a). Further, when switch 228 is condi-
tionally closed, then the state of switch 128 is left unchanged by applying a voltage on con
trol wire 130 that is insufficient to change the state of switch 128 (FIG. 9b). Thus, switch
228 will not change its state during the first sub step, and switch 128 will not change its state
during the second sub step regardless of whether switch 228 closes or not.

25  [0064] The present invention also provides a logic inversion function. In the last step
(3), if one reverses which wire is pulled up and which wire is pulled down by choosing to
reverse the voltages, then one can invert a signal by latching it. By setting wire 130 to a
strong logic 0 voltage and wire 132 to a strong logic 1 voltage in step 3, the signal will be

nverted.



12 [00651 FIG 10 shows that a latch can also be used to restore a logic

voltage level. If the signal level representing logic 1 becones degraded
due to nowea3/088833 stive | osses, or diode drops, then thepPealtusayaionmy be

restored to the fully correct signal level after it has been |atched. 5

[0066] As shown in FIGS. 11 and 11 a, the present invention has the

particul ar ad- vantage that the two latch control I|ines 130, 230, which
must be driven by conventional cir- cuitry outside the nanoscale circuit,
can be reused for a |large nunber of logic signal lines 132. A single pair
of latch lines 130, 230 control many |atdhes. Two control |ines 130,230

can be used to latch sep%ggte ogi c values onto a | arge nunber of nanow res
in a logic arrayl®§] 46 at"TfnQ shogfdhat ¢ lRigh capgfsa by used fppeyfore p fogic veliage 15l t er ns of
the nunber of comMeGlhad RS tePrelchifis Wale1 tobRs WU dud NS Risiéihve ARRLLCABI LI TY

15 [00671 The nol ecul ar crossbar |atch disclosed herein is expected to find
use in nanoscal €ode Gieputleh g aplass maycheupsiod toythe Fully corigetsignal dewed agenif hebnst r uct
finite state machings,egA finite state machine is sufficiently powerful to
in principle conmpute any function. Wthout a |atch at the nanoscal e, one
woul d only have 06bi nat oksiskedwnlinBIGS, 11whd tla, thamesen tnvehgiort feg té pagticulgender al

conputation. 20 88 CT/ 2/ 13 I What |.s Clained Is:
51. A nDIeculafxg%%géggﬁm%gkgﬁmggigﬁﬂgﬁgég?@%y%ﬁ%ﬁ%@ﬁQVW?%ﬁ?%ﬁﬁﬁéfsignal
Wi re that crossasrytolrgdd tonaoarder drbuit\bah &8 redded dor AdigeZinber aNBLie sif@l knber eby

forma junction wth each.con- tro I,Ler erejn each junction forns a

swi tch and each l\ggi ‘QST%?WiOglﬁtc}h%S go%h(‘i‘f“fr Eind t—““ﬁ% CIS‘FFOl Ipesidfgit er s,

Wi th said signalcanbd Bedsela®E tdpat@d Weib kit Ghtdd ladg€aiberlofBanbibifel Bra8dpic M9} t age
10 46 at the same time. This is very efficient in terms of the number of connections to the out-

side world.

INDUSTRIAL APPLICABILITY

15  [0067] The molecular crossbar latch disclosed herein is expected to find use in
nanoscale computing architectures. With a latch, one can construct finite state machines. A
finite state machine is sufficiently powerful to in principle compute any function. Without a
latch at the nanoscale, one would only have combinatorial logic, which can not do totally

general computation.

20



states, ranging froma O state to a 1 state, wherein there is an asymetry
wWth respect to the 10 direction of current flow fromsaid signal wre

t hrough owe opwsssss on conpared to another junction such t RaT/wS02/84mnt

fl owi ng through one junction into or out of said signal wire can open or
cl ose, respectively, said switch, while current flow ng through said other
junction out of or into said signal wire can close or open, respectively,
said switch, and wherein there is a voltage threshold for swtching

bet ween an open switch and a closed switch. 15 2. The nol ecul ar crossbar
latch of aim1 wherein said switch is uktonditionally opened by a

vol tage state on said signal wire denoted "strong 1" and is unconditionally
closed by a voltage state on said si gna%ﬂ—se denoted "strong 0", where
said "strong 1" and said "strong 0" are both above threshold | evel 20 3.
The nol ecul ar crossbar |atch of Claim2 wherein said switch is

conditional |y opf8ndaChiredls; ol tage state on said signal wire denoted "weak
1" and is conditionally closed by a voltage state on said signhal wre
denoted "weak 1", where said weak voltage states are |ess strong than said
strong vol tagé st at esl. A2BolgulaiTessbapkiels cinmrising twe stywnl Wigs @i agignaClvaxe that1

inere: n each =al GLUGLLSRELILE By Sao b S BB el S b0 14
5. The nol ecul ar trarvdssiiarein eathcimetdn kA ianwikhwheéseh aidgaictbnthis Stuakidal ol ecul e
B ol ect rochen cAPPEn SERPER, W &SP oy LGN dr e eshiar STAPERIBE O &) m o
wherein said bi, shedlafpid¥EoRell sitd t6 a $ State, vBErkie thedk iseatyhh cgf WkHep@GitRt | Ng Of
rot axanes, p?_%u d (c)li}elzzt%% %)é %uQreeI% ’ﬂov(s:f %‘E)I’?l ns%i?lesﬁghal \?vgg ﬂl%gglhro%; juge/ﬁl;)l? Qo?ripared to another
junction such that current flowing through one junction into or out of said signal wire can
open or close, respectively, said switch, while current flowing through said other junction out
of or into said signal wire can close or open, respectively, said switch, and wherein there is a
voltage threshold for switching between an open switch and a closed switch.
15
2. The molecular crossbar latch of Claim 1 wherein said switch is unconditionally
opened by a voltage state on said signal wire denoted “strong 17 and is unconditionally
closed by a voltage state on said signal wire denoted “strong 07, where said “strong 1” and
said “strong 0” are both above threshold level
20
3. The molecular crossbar latch of Claim 2 wherein said switch is conditionally
opened by a voltage state on said signal wire denoted “weak 1” and is conditionally closed
by a voltage state on said signal wire denoted “weak 1”, where said weak voltage states are
less strong than said strong voltage states.
25
4. The molecular crossbar latch of Claim 1 wherein each said junction includes a bi-

stable molecule to permit switching from one state to another state.



7. A method for latching |logic values onto nanowires in a |logic array, said
met hod 10 conprising: (a) providing a nolecular crossbar |atch conprising
two cont rwbD 03088833 and a signal wire that crosses the twoPCarSovbiond res at
a non-zero angle to thereby forma junction wth each control wre,
wherein each junction fornms a switch and each said junction has a
functional dinension in nanoneters, with said signal wire selectively
having at least two dif 15 ferent voltage states, ranging froma O state to
a 1l state, wherein there is an asynmmetry with respect to the direction of
current flow fromsaid signal wire through one junction conpared to

anot her junction suc hat .current flow.ng through one junction into or out
of said signal wi re@ci‘ﬁ %Qﬁeéﬂarﬁ?oss 1t dpdsh of ¢ lEyyd e ayd bF giahlemalsqils peEmiswhi | e
current flow ng bifcamaiieed 6 RIIBET statd 2§ tdRed Qi exBfioy@e ah Bb@roSRInka1S- gnal
wire can close or open, respectively, said swtch, ang 20 wherein there is
a voltage thresh8i™for sw tching between an open switch and a cl osed
switch; and (b) applying a sequence of voltages to said two control wres
that results in setting said switches of said two junctions such that
either said fbrst swit &k mdecolpreaossbardateradfClairg Scwhrntinssaid thedteblesnobbwsies-i f sai d
signal wire has r i alogic.1l. or said first 25 switch
is closed and sal%gt}{&s)}g%:rg%% %ﬁﬁtcc%%?% %%8%}(3{1 ’gr’ssgﬁdgtoée}xagnﬁ%ilcat\?ﬁa?ees’ ISP vol t age
representing a bpgsc 0. 8 The nethod of Claim7 wherein said switch is
unconditionally opened by a volt age state on said signal wire denoted
"strong 1" and is unconditionally closed by a voltage WO 03/ 038833

PCT/ US02/ 34670 15 strah@netdd Siiadhitg ggabalies 6 @emnabeaid alelcragngsa'memsher e sai d
"strong 1" and said.i'strong 0" are both above threshold Ievel 9. The

met hod of O &P m &RRF&ein said switch is conditionally opened by a vol age

5 state on said signal Wi EppEl@RRlasbiccMRRIbsshir 17 QorySisihORE obdnaRakd 3ag! osed by
a voltage state on said signal wire denoted "weak 1", where said weak

vol tage states afigna] wirecthag t:rpngqéhett‘ﬁ@_?pngcémes at a non-zero angle to thereby form a junction

with each control wire, wherein each junction forms a switch and each said junction has a

functional dimension in nanometers, with said signal wire selectively having at least two dif

15  ferent voltage states, ranging from a O state to a 1 state, wherein there is an asymmetry with

respect to the direction of current flow from said signal wire through one junction compared

to another junction such that current flowing through one junction into or out of said signal

wire can open or close, respectively, said switch, while current flowing through said other

junction out of or into said signal wire can close or open, respectively, said switch, and

20  wherein there is a voltage threshold for switching between an open switch and a closed
switch; and

(b) applying a sequence of voltages to said two control wires that results in

setting said switches of said two junctions such that either said first switch is open and said

second switch is closed if said signal wire has a voltage representing a logic 1, or said first

25  switch is closed and said second switch is open if said signal wire has a voltage representing

a logic 0.

8. The method of Claim 7 wherein said switch is unconditionally opened by a vol-

age state on said signal wire denoted “strong 1” and is unconditionally closed by a voltage



strong voltage states. 10. The method of Caim7 wherein each said junction
includes a bi- stable nolecule 10 to permt switching fromone state to
anot her swatod/038833 The net hod of C aim 10 wherein said bi PsTralshz34s00 ecul e
permts switching be- tween an oxidized state and a reduced state,

enpl oying an el ectrochem cal reaction. 15 12. The nethod of Caim1l
wherein said bi- stable nolecule is selected fromthe group consisting of
r ot axanes, pseudo-rotaxanes, catenanes, and spiropyrans. 13. The met hod of
Claim 7 wherein said sequence of voltages has three steps: (a)

uncondi tional |y open both said switches; Y0 (b) conditionally close said
first switch if said signal wire has a logic 1 and sjimultaneously
conditionally cl 8@%0%5&1‘1%1 2 it dengld ‘srgme % Wagr spidssEmal” i pad fraed” Pisgi ¢ 0;
and (c) connect Bah shoGntdholdlewdlr € associated with said first swtch to a
logic 1 voltage |evel and sinultaneously connect said second control wre
associated with said sec- ond swwtchto a logic 0 voyage level. 25 14. The

met hod of Claim?7 wh i ! . Qf: o L.steps:. (a)
unconditionally Omn%ﬁ%%eﬁneﬁ%}%%ﬂ??ﬁ%&@%&ﬁ@ ‘88‘5@3@‘%@?%%8‘&7%%@?0 16
(b) conditional | §fatedrowd sigadl diré dengied ‘Swaklt Cland i caditichaliy dmal by wivelegdsag oa | ogic 1
and |eave the s f .sal ngd, swi tch _unchan by -appl yi a . vol tage
on said control \E/ﬁs@uﬁggg g%n:gg??%%{wptﬁﬁgéeasfn Wg%cvgﬁag‘g%a&\fst%ﬂesgﬁggg tg% said
insufficient to slheggdagetistest ate; (c) then conditionally close said second
switch if said signal wire has a logic 5 0 and | eave the state of said
first swtch unchanged by applying a voltage on said control wre

associ ated wi th sai d 10iThs inetisti df Chint M@vherditBeabl¥aid fuhétioh BAtded DoichNESclibS St at e;
and (d) connect said.control wre assocjated wth said first switch to a
logic 1 vol tAgelPevirvighye Somtrerafifbnedestonnect said second control wire

associ ated with said sec-

11. The method of Claim 10 wherein said bi-stable molecule permits switching be-

tween an oxidized state and a reduced state, employing an electrochemical reaction.

15 12. The method of Claim 11 wheren said bi-stable molecule is selected from the

group consisting of rotaxanes, pseudo-rotaxanes, catenanes, and spiropyrans.

13. The method of Claim 7 wherein said sequence of voltages has three steps:
() unconditionally open both said switches;
20 (b) conditionally close said first switch if said signal wire has a logic 1 and
simultaneously conditionally close said second switch if said signal wire has a logic 0; and
(c) connect said control wire associated with said first switch to a logic 1
voltage level and simultaneously connect said second control wire associated with said sec-
ond switchto a logic 0 vokage level.
25
14. The method of Claim 7 wherein said sequence of voltages has four steps:

(a) unconditionally open both said switches;



ond switch to a logic 0 voyage level. 10 15. A nethod for restoring a
weakened voltage value of a signal to its full value in a nano -scale

swi tch, swod3msgsbod conprising: (a) providing a nol ecul ar PETASeWa670 at ch
conprising two control wires and a signal wire that crosses the two
control wires at a non-zero angle to thereby forma junction 15 with each
control wire, wherein each junction fornms a switch and each said junction
has a functional dinmension in nanoneters, with said signal wire selectively
having at least two dif- ferent wtage states, ranging froma O state to a
1 state, wherein there is an asymetry wilh respect to the direction of
current flow fromsaid si naI wire through one junction corrpared to

anot her junction such tha®) eafiE@ly doro Ayt FrFbl Fi SR Tiaketdlofr 18to or out

of said signal 2fyahf8uak @ﬁsaﬁ%@dand)gvm@ﬂ Q@Iﬁnge&%%%é!@!)ﬁége Siashid co?M@)ltxﬁJ@ whi l e
current flow ng through sai d ot her Wéunctl on out of or into said signal

Wi re can close ofssasjieh it seihsecond spitphihat is mpudficiepiite dhnge drsehte; wher e n there is a
vol tage threshold for sw &)Ctﬂénrlg?&bﬁaﬁ‘gﬁ&r&rh LREN M ik i B0 % 9?0
st gnal by applyi ng 0

switch; (b) latching said a sequence S to said
two con- 25 t5ol 0widrlese thhatte pLgidl firs switth mhﬁlgedg:ysaplamuwcﬂtagb@s sa:nd ccmaild t wo

junctions such that elth said fir Switeh i s open and said second
switch is cl osedwir?asioﬁ’?&de ‘?F’dﬁ%ﬁrswcgtﬂﬁ%{%mﬁﬁtfoﬂaé@?lgﬁ?tg’saﬂ%ti ng a logic 1,
or sa: d fi rsth SWi tch :s cddp&ﬁﬁkctasadcsﬁodwﬁeee@l @&ﬁie&ﬁﬂﬁidéiréﬁsﬁﬁﬂ/fbdlﬁgléai d
signal wire has ta resent a logic O0; and WO 03/038833

PCT/ US02/ 34670 ‘i"}*a?(e ﬁgcg vignegqusly spinesg edy seg9PEes Wﬁaasﬁ%aiegwé“%ﬁsgcm d first
control wire ando@swydaltgﬂggc@wgggeaptl ng Iogl c 1 on said second control
wire. 16. The nethod of Claim 15 wherein said switch is unconditionally
opened by a 18 voltage state on said signal wire denoted "strong 1" and is

Uncondl tionally closgg @Mletﬁodvf&lréston@%eweﬁzeﬁetd%ola %égfa%iggﬂ% its e dggot ed
"strong 0", where said "strong 1" sai d rong O
nano-scale switch, said method compnsmg

(a) providing a molecular crossbar latch comprising two control wires and a

signal wire that crosses the two control wires at a non-zero angle to thereby form a junction

15  with each control wire, wherein each junction forms a switch and each said junction has a

functional dimension in nanometers, with said signal wire selectively having at least two dif

ferent wltage states, ranging from a 0 state to a 1 state, wherein there is an asymmetry with

respect to the direction of current flow from said signal wire through one junction compared

to another junction such that current flowing through one junction into or out of said signal

20  wire can open or close, respectively, said switch, while current flowing through said other

junction out of or into said signal wire can close or open, respectively, said switch, and

wherein there is a voltage threshold for switching between an open switch and a closed
switch

(b) latching said signal by applying a sequence of voltages to said two con-

25  trol wires that results in setting said switches of said two junctions such that either said first

switch is open and said second switch is closed if said signal wire has a voltage representing

a logic 1, or said first switch is closed and said second switch is open if said signal wire has

a wltage representing a logic 0; and



are both above threshold level 17. The nethod of Caim 16 wherein said
swtch is conditionally opened by a volt 10 age state on said signal wre
denot ed "weak/0i883:and i s conditionally closed by a volt age pstratse2/3swm sai d
signal wire denoted "weak 1", where said weak voltage states are |ess
strong than said strong voltage states. 18. The nethod of C aim 15 wherein
each said junction includes a bi stable nole- 15 cule to permt swtching
fromone state to another state. 19. The nethod of Caim 19 wherein said
bi - stable nolecule permts switching be- tween an oxidized state and a
reduced state, enploying an el ectrochenmi cBl reaction. 20 20. The method of
Claim 19 wherein said bi-stable nolecule is selected fromthe group

consi sting of rotaxanes, [S5RRE-3 oltagg aspeeonting dosim Ao gud Hifgontish wisppd ans.  21.

The nethod of C qiilgelRr ik 19/ k80 SEAHERES wRE. Vol tages has three steps:
(a) unconditionally open both said switches; 25 (b) conditionally close

said first switch if said signal wire has a logic 1 and sinultaneously

conditionally close i & s i i f.sal Lanal  wi.re.has | ogic O;
and (c) connect sai dslgbﬁl%erlg‘l%%\?\n%? ?Mg{s g%g%%%me%d%wﬁ%qgléﬁcﬁl%ﬂauﬁ OPSI\I/?ngtb th to a
| ogic 1 vol t age viliegestatean chidsignivtia dewtad I'syrongdi aeldt usaiddomBcdanel lyanbk-ol wire

associated with said sec-. ond swi.tch.to a logic O voltage |level. WD
03/ 038833 PCT/ usﬁgffgtﬁé‘}éa‘d Si%gé‘ﬁr? del“ﬂ‘gd AR O VO R (S O g
sequence of vol t agbésh bimse thediold &t@ps: (a) unconditionally open both said

switches; (b) conditionally close said first swtch if said signal wire has
alogic 1 and 5 |leave the state of said second switch unchanged by

applying a vol tage or17smedqeﬁ&mfcahn\Mssv@ereha@ﬂ@ﬁit@tise&nmomy%aénaib?%epd swi tch
that is insufficient to (;hange,its state; (c) then conditionally close said
second swi t chOi f 2847Q OB agtigral Wire deneies el Iogndcis copditipmally closddy e Heagsetatee of
said first switch Mﬂ%ﬁgﬂﬂ%@ dRbre@PRLaY 1)@ héte Vi \tv@ageoltgél Bk He fé&@&én%lthan

said strong voltage states.

18. The method of Claim 15 wherein each said junction includes a bi-stable mok-

15  cule to permit switching from one state to another state.

19. The method of Claim 19 wherein said bi-stable molecule permits switching be-

tween an oxidized state and a reduced state, employing an electrochemical reaction.

20 20. The method of Claim 19 wherein said bi-stable molecule is selected from the

group consisting of rotaxanes, pseudo-rotaxanes, catenanes, and spiropyrans.

21. The method of Claim 15 wherein said sequence of voltages has three steps:
(2) unconditionally open both said switches;
25 (b) conditionally close said first switch if said signal wire has a logic 1 and
simultaneously conditionally close said second switch if said signal wire has a logic 0; and
(c) connect said control wire associated with said first switch to a logic 1
voltage level and simultaneously connect said second control wire associated with said sec-

ond switch to a logic 0 volage level.



Wi re associated with said first switch that is insufficient to change its
state; and 10 (d) connect said control wre associated with said first
switch toweoosgss3 1 vol tage | evel and sinultaneously conmegtusszsa’¢econd
control wire associated with said sec- ond switch to a |logic 0 voyage

| evel . 23. A nethod for inverting the logic value of a signal in a
nano-scale switch, said 15 nethod conprising: (a) providing a nolecul ar
crossbar latch conprising two control wires and a signal wire that crosses
the two control wires at a non-zero angle to thereby forma junction wth
each control wire, wherein each junction Boama switch and each said
junction has a functional dinension in nanoneters, with said signal wre
selectively having at least two dif 2 O ferent voltage states, ranging from

a 0 state to a 1 st ate, Thaleh@oNCILMEN GvhbrSin 8did BE¥ITIBE okagWithd YourkgRpect to the
direction of current flow fromsaid si %nal wre through one junction .
conpared to another j unc® WePrdiiupllyiopeboth sgidsefiehes | owi ng t hr ough one
junction into or out of s@jgd,&kdd@ close¥ili BrLCAAICP : \ pegtively,
said switch, while curren@flnovm ngctoﬁr ougﬁ sal %{aﬁ%?al%g%gtaiﬂ %Sloag of or
into said sighal lesyeithe setanf eidssendwitdperhanged Spaplying evyltpgesmisdd emirdl ofre and 25
wherein there IS%?OCX@&%@%@JFE@Q& %%xgl%hqlatflglﬁsu%eﬁt ohlhg}%el%esFye\:‘Ben an open sw tch
and a closed sw tc]h; atching sai'd signal by~appl'yi ng a sequence of
vol tages to said two con-(ctthalconditivredly didsataidrsesnr swsich ifisaidl @ighal Wik 1884 gisW t ches

of said two junctions such that . either said first switch is gpen and said
second switch isac%ggaé’%%fa’ tat%a*?amdg ﬁﬁ‘ﬁlfm\m“ih@lg?f;a@ anpIea 4 o er"‘éftﬁ‘leCQ‘@W?i ng WO
03/ 038833 PCT/ USQR¢ Beboitetl withSaidifirkt@gfitch thit, is idufiiat 6 chinpsifs sigiabch i s cl osed and
said second switch is open.if sai_g Si (Pg‘nal wire has a voltage representing
a logic 0; ahd (c) placi n§ WRFe sl Guplaptecssarittid g s figst spitghto@dege ¥ i r st
control W re andvelage ¥0dl baG@nilt@BSus$ eddhdcn@idls@ehdCoofroPRirSRAotlatsBFidNRed RNt 1 Ol

wire. 5 ) ,
ond switch to a logic 0 volkage level.

23. A method for inverting the logic value of a signal in a mno-scale switch, said

15  method comprising:
(a) providing a molecular crossbar latch comprising two control wires and a
signal wire that crosses the two control wires at a non-zero angle to thereby form a junction
with each control wire, wherein each junction forms a switch and each said junction has a
functional dimension in nanometers, with said signal wire selectively having at least two dif
20  ferent voltage states, ranging from a O state to a 1 state, wherein there is an asymmetry with
respecf to the direction of current flow from said signal wire through one junction compared
to another junction such that current flowing through one junction into or out of said signal
wire can open or close, respectively, said switch, while current flowing through said other
junction out of or into said signal wire can close or open, respectively, said switch, and
25  wherein there is a voltage threshold for switching between an open switch and a closed

switch

(b) latching said signal by applying a sequence of voltages to said two con-
trol wires that results in setting said switches of said two junctions such that either said first

switch is open and said second switch is closed if said signal wire has a voltage representing



24. The nethod of Caim 23 wherein said switch is unconditionally opened by
a voltage state on said signal wire denoted "strong 1" and is

uncondi t iwpaBioysssd osed by a volt age state on said si gnalPCriuse2/sisnot ed
"strong 0", where said "strong 1" and said "strong 0" are both above
threshold | evel 10 25. The nethod of Caim 24 wherein said switch is
conditionally opened by a vol age state on said signal wire denoted "weak
1" and is conditionally closed by a volage state on said signal wire
denoted "weak P, where said weak voltage states are |less strong than said
strong vol tage states. 15 26. The nethod 8f O aim 23 wherein each said
junction |ncludes cule to t switchin fromone state

to anot her stat e’ 105? Io'f‘ﬁaé ﬁtétts%nglsoclm@laaﬁl Fﬁ‘dfg" iteh ihorenif spidsignal pamhas

nol ecul e per mi t sa Ghhgeepieitfting@iogid 0niveen an oxi di zed state and a reduced
state, enploying an electrochem cal reaction. 28. The method of C.aim 27’
wherein said bi stabl e noPeRlfing 2jveliage Fearerrige fosisrh eheid Tt engolodisside i ng of

rotaxanes, pseudanigdtBrRRGE ok 3bEAMIESN A FALT OPYT ans. 25 29. The met hod
of Claim 23 wherein said sequence of vo tages has three steps: (a)

uncondi tional$y open both said switches; (b) condi ti onal | y close said first

switch if said signah,w %%eﬂ@éoiﬁcﬁﬁgb Sald V§1{C téiorr11 tlon yy cgﬂp%l onal |y

cl ose said second switc sald si gna W e has a 0og
03/ 038833 PCT/ USGRig8 487 6n samlg(mi)m@@amext‘tstrcmgn danddsnmcoamuommloeasspe vated with

Se 0 1ot oot el LR VOO e el TR
vol age level. 5 a%@bodebeveméstile@f Claim 23 vvher ein said sequence of
vol t ages haslg our steps: (a) unconditionally open both said swtches;
25. The method of Claim 24 wherein said switch is conditionally opened by a vok-
age state on said signal wire denoted “weak 1” and is conditionally closed by a volage state
on said signal wire denoted “weak 17, where said weak voltage states are less strong than
said strong voltage states.
15
26. The method of Claim 23 wherein each said junction includes a bi-stable mok-

cule to permit switching from one state to another state.

27. The method of Claim 26 wherein said bistable molecule permits switching be-

20  tween an oxidized state and a reduced state, employing an electrochemical reaction.

28. The method of Claim 27 wherein said bi-stable molecule is selected from the

group consisting of rotaxanes, pseudo-rotaxanes, catenanes, and spiropyrans.

25 29. The method of Claim 23 wherein said sequence of voltages has three steps:
(a) unconditionally open both said switches;
(b) conditionally close said first switch if said signal wire has a logic 1 and

simultaneously conditionally close said second switch if said signal wire has a logic 0; and



(b) conditionally close md first switch if said signal wire has a logic 1
and |eave the state of said second switch unchanged by applying a voltage
on said cwotosoBssas re associated with said second switch PeaUSNE34670
insufficient to change its state; 10 (c) then conditionally close said
second switch if said signal wire has a logic 0 and | eave the state of
said first switch unchanged by applying a voltage on said control wre
associated with said first switch that is insufficient to change its state;
and (d) connect said control wre aSSOC|ated with said first switch to a
logic 0 voltage |evel and sinultaneousl y?%connect said second control wire
associated wth said sec- (?()nl?égtdsalﬁvc\:ﬁo&tr%pwi&eoasg)cilatgg with sgld\%(r)slt ?v%’%h I’co a 10;|glc 1

voltage level and simultaneously connect said second control wire associated with said sec-

ond switch to a logic 0 volage level.

5 30. The method of Claim 23 wherein said sequence of voltages has four steps:

(a) unconditionally open both said switches;

(b) conditionally close sid first switch if said signal wire has a logic 1 and
leave the state of said second switch unchanged by applying a voltage on said control wire
associated with said second switch that is insufficient to change its state;

10 (c) then conditionally close said second switch if said signal wire has a logic
0 and leave the state of said first switch unchanged by applying a voltage on said control
wire associted with said first switch that is insufficient to change its state; and

(d) connect said control wire associated with said first switch to a logic 0
voltage level and simultaneously connect said second control wire associated with said sec-

15  ond switch to a logic 1 voltage level.



