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.. e3ecK\cHJ6T\!|  FERRCELECTRI C STCRAGE READ-VIRI TE MEMORY FI ELD bf ol 2003
| N\VENTI ON The i nvent mm“mﬁwwm“mmry devi ces and nethods for form ng
menory devi ces. BACK NVENTI ON The shrinki ng di mensi ons of
active devices on silicon clabgozt s approaching its limt due to restrictions
set by-photolithographic techni ques. For exanple, wave properties of

radi ati on, such as interference and diffraction, can limt device size and
density. Consi derabl e research has taken pl ace to overconme the limtations
of photolj mmwmmmwmmmLsechnlques The, research has been directed at
orrectln ‘ such as by phase shift lithography as well as to
devel opi ng ot hgdissnovel approaches. Concomtantly, with this research, there
have been develOpnenkﬁRkBEﬁ%?%ﬁft(yyaﬁﬂ&EukkhbZWﬁEkﬁﬂﬂﬁﬂdﬁQn confi nement in

smal | volunme. The three asic categories are such devices design are
Quantum Dots (@), Resonant Tunneling Devices (RTD), and Single Electron

Transistors (SET). Quantum Dots are discussed in greater detail in R
Turton, The Quantum Dot, Oxford, U K , Oxford University Press, 1995;
Resonant Tunneling Devices are discussed in greater detail in A C Seabaugh
et al., Future Electron DevigesrtFER)rie . 1@ 8N Suppl . 1, pp. 9-20,
(1993); and Single Electron Transistors are discussed in greater detail in

M A. Kastner, Rev. Mdd. Phys., Vol. 64, pp. 849-858, (1992); the entire
di scl osures of all of which is her eby incorporated by reference. SUWARY OF

THE | NVENTI ON The. present ohnvenktos ‘P&Wéngﬁ} AHBEREYafleVh&addicl gl ng at
| east one pair of spaced apart conductor ferroelectric material is

arranged bepweery thenggnductieks. The conductors are spaced apart a distance
sufficient to permt a tunneling current there between. At |east one
organi ¢ nol ecul e extends between the pair of conductors, wherein the
ferroelectric material is attached to the organic nolecule. Oher aspects
of the present invention praydaeuaDrerhodefoxvirionmg a nmenory device. The
met hod i ncludes providing at | east one pair of spaced apart conductors on a
Substrate. -2

The shrinking dimensions of active devices on silicon
chip is approaching its limit due to restrictions set by
photolithographic techniques. For example, wave properties
of radiation, such as interference and diffraction, can
limit device size and density. Considerable research has
taken place to overcome the limitations of photolithographic

technigues.

The research has been directed at correcting the
problems, such as by phase shift lithography as well as to
developing other novel approaches. Concomitantly, with this
research, there have been developments in device design

utilizing electron confinement in small volume. The three



A ferroelectric material is provided between the pair of conﬂu&;gLﬁé'Hﬁé
pair of conductors is spaced apart a distance sufficient to peenvts 2
tunneling current there between. At |east one organic nol ecul e extends

bet ween the pair of conductors, wherein the ferroelectric material is
attached to the organic nolecule. Still other objects and advantages of the
present invention will becone readily apparent by those skilled in the art
fromthe follow ng detailed description, wherein it is shown an escri bed
only the pPéféfr & tEMIdiSTe s éﬁlcghéj%‘fﬁx%ﬁt 57 195 A%y VA ﬁ}o({s
illustration of the best node contenplated of carrying out the invention.
As will be (R84l Regonaid iTweyaliidy ke vdgsso! (KT 'oﬁﬁ’@? SIANP 1§ on
enbodi ments, and its several details are capable of nodifications in

vari ous obVirens isdspect SET t hAnardapafatify cod israSsagentn gfeater
Accordi ngly, the drawi ngs and description are to be regarded as

i | lustratietiailnatrurre. dhottrot, dhe éstantem et ,BRIXER ESCRIRTI Q¥ R dTHE
DRAW NGS The above-nenti oned objects and advant ages of the present

i nventi on widilvdyes ireyr e xd egr |0 afvdeRestaahtwiidmned ing Dfrikds 212003 4
considered in conjunction wth the acconpanying drawings, in which: Fig. 1
represent s @ LhRSsSeGeat | pradt ot evetofi anirerbatli rertbaofgla dteralogl ebttrice
storage device according to the present invention;, Fig. la represents a
tunnel i ng jeangdd M gspy Déed herdmy roe) ecdr i 3 stau@ge. devime. d-Fg. 1, Fig.
2a, Fig. 2b, and Fig 2c represent cross-sectional views of an enbodi nent of
a ferroel ectyrd g3 st 04 RYEs HQYI &€ 68 BESOF SH NOrd s 14160 ¥ enentdi sesdednin
illustrating the operation of the enmbodinent; Fig. 3a, Fig. 3b. Fig. 3c,

and Fig. 3dyiddwust r@dea £10589€Ch | 00t vé EWSREF . Wadd OUEn B AgesoDf @,
enbodi mrent of a process for formng a ferroelectric storage device

according t,g,the,present ({oyentione &Eheird dREESaNtSs adt oyer headeview of
an enbodi ment of a ferroelectric storage device according to the present

invention; jg hereby incorporated by reference.

SUMMARY OF THE INVENTION
The present invention provides a memory device
including at least one pair of spaced apart conductors. A
ferroelectric material is arranged between the conductors.
The conductors are spaced apart a distance sufficient to

permit a tunneling current there between. At least one organic

molecule extends between the pair of conductors, wherein the

ferroelectric material is attached to the organic molecule.

Other aspects of the present invention provide a method
for forming a memory device. The method includes providing

at least one pair of spaced apart conductors on a substrate.



18J UL 2003 5 Fig. 5 represents a cross-sectional view of hfot}ig[ 2003
enbodi nent of a ferroelectric storage device according to the present
invention; Fig. 6 represents a cross-sectional view of a portion of the

enbodi ment of the present invention illustrated in Fig. 5 at a | arger
scale; Fig. 7 represents a cross-sectional view of the a enbodi nent of the
present invention illustrated it Fig. 6 after further processing; Fig. 8

represent s anfemtrodiigent iof maneetbddiiseptroof dadDNAtmekacthe phdtr ey be
utilized according to the present invention; and Figs. 9-11 represent

cross-secti gpabiu¢iews,of TR paerbedi meAtuet c2sdewi eparecongdiang t0 the
present invention at various stages of an enbodi nent of a process according

to the presgikthA¥enLe7icPERA EEDpRERCR! BTEONNOR i AGE chNYVENE! @Nere 6
between. At least one organic molecule extends between
the pair of conductors, wherein the ferroelectric material
is attached to the organic molecule.

Still other objects and advantages of the present
invention will become readily apparent by those skilled in
the art from the following detailed description, wherein it
is shown and described only the preferred embodiments of the
invention, simply by way of illustration of the best mode
contemplated of carrying out the invention. As will be
realized, the invention is capable of other and different’
embodiments, and its several details are capable of
modifications in various obvious respects, without departing
from the invention. Accordingly, the drawings and
description are to be regarded as illustrative in nature and

not as restrictive.
BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned objects and advantages of the

preéent invention will be more clearly understood when



The present invention provides a ferroelectric storage read-wite nenory.
Cenerally, a storage device according to the present invention includes a
thin ferroel ectr~c | ayer between two el ectrodes. Typically, ﬂﬁﬁijlpﬁﬁﬁsﬁ
of the ferroelectric layer is sufficient to permt tunnelling. Data may be
stored in a storage device according to the present invention by aligning
an electric dipole of the ferroelectric |ayer. The different alignnent
states of the dipole may be considered to be either "up close" or "down".
By controlling the electric dipole of #he ferroelectric |ayer, the
tunneling current may be regul ated. Data nmay be witten in a ferroelectric
st orage device according to she present invention by applying a voltage

suf fi ¢ci entdiys hilghed 0i pr odtgenanieheewithctheehdcahpuayanghdeakahdscohesi ve
field, Ec, A voltage at |least as great as the Ec will flip the interna

di pol e of 1R e}t oel ectric material. Different val ues may be assigned to
the different states of the dipole. One state may be assigned a val ue of
"0", while the other state nay be assigned a value of "1". Accordingly, the
storage devi ceFparnitseBropagesof FhPeFnmaerbhonal vimea@dfngha storage

devi ce acgording.fo fhe pFS?f‘QéléQ%’?m:' 80-1-3 8?&&?5 da@&o?dYBBt age well
bel ow a voltage reqU|re% 0 generate an electric field at or above the E
val ue, suche tpee¢séhe eheehtionfield produced in the ferroelectric materi al
is less than Ec. Thus, at this |ower voltage, the dipoles of the
ferroelectric material do not flip during reading. s The general nethods
for storage USlei@CCQédf@ﬁré@eﬂ?@éYtQﬁMé@@ngfj&ﬁ@t@bﬁ??ﬁb bBVeRki on utilize
the property of_the high dielectric constant of ferroelectric materials to
store chafgereptectehdi agorage deviecchhr §édbylfield transi stor type
structures. For nore detail regarding this aspect of the invention,
references made to U. S. Patent 5,487,029, the entire contents of the

di scl osure whikhgi s2herBby. i Aborpodafed by repreeavt. cThespsesemnbtnahventi on

al so inclqggssqg hogs 8% éo%gigg ? negg£¥od vice. Brggdgé Ehe.ngthods may
be described as pr Vi%lﬂ% at“1'east on pal? of sbgc 5p ?t condtictors and
provi di naecdedingl estthe prtechal ihetnecont helpatraoingonduct ors. The pair
of conductors are s di stance sufficient to permt a

ced apart .a
tunnelind?%ﬁﬁ?%%ﬁntﬁgr%h%eg SAIMERG: 1 illustrates an exanple of a

ferroelectric

Fig. 3a, Fig. 3b. Fig. 3¢, and Fig. 3d illustrate cross-
gsectional views of various stages of an embodiment of a
process for forming a ferroelectric storage device

according to the present invention;

Fig. 4 represents an overhead view of an embodiment of
a ferroelectric storage device according to the present

invention;



storage read-wite nmenory device according to the present invention. The

enbodi nent illustrated in Fig. 1 generically illustrates a schene accarding
to the present invention for high density storage. Al ong thes&fiuhﬁéd
enbodinent illustrated in Fig. 1 shows the essential features of a single
"storage cell" according to the present invention. As such, the device
illustrated in Fig. 1 is a single storage cell that can store one bit of
data, that is, either a zero or one. storage device according to the
present invention nay be described as two spaced apart electrodes 1 and 2,
in the enbodinment illustrated in Fig. 1, interconnected with a region of

ferroelectric material 3. The exact structure of a storage device according

to the present giuent 'r%?rggé(nﬁ@rey Greatlecchiongyer: o b her el gatfades in the
ferroelectric material typically will be identifiable as part of the

structure.enpdBmbnld br2Q03e Brde B EUCIUER R66RT b PP O the- PR | nvention
may be inbedded in a dielectric layer. Typically, the dielectric materi al
sur roundi nghd he SiBagavdgyi 6§; according to the present invention can have
a dielectric constant of about one to about ten. Exanples of such
dielectric materials include air, having a dielectric constant of one;
silicon nitride, having a dielectric constant of seven; alum na, having a
diel ectric constiant cotrepbedtnfs 2 torahouefidnaandisildcan giaxide, having
a dielectric constant of 3.9, are exanples of dielectric constants. In view
of the facif tthat drdeddinehecsdri endByrddendi hnveht i 6n appRiSitaddatira st orage
devi ce according to the present invention may sinply be forned on a
substrate mid.h \nathat eergbroyvesliyi ng or adj acent the sides of the device.

+ The electrodes 1 and 2 in the enbodinent illustrated in Fig. |, which are
typically referfied torasresaductorsrdwer-eaient inayl beiemdet ofhea vari ety of
different materials. Along these lines, conductors or electrodes 1 and 2,
typi cal | y emedimdetobfanhel présécal inrengnduct L hgsneterd aln Hgr. exanpl e, the
el ectrodes may be netallic or doped sem conductors. Exanples of netals that
may be utidftaad fiurthke precesddes i ncl udes one or nore of alumi num gold,
10 silver, copper and/or alloys including any one or nore of these netals.
Exanpl es of sem conductors include silicon and silicon-germanium Wile the
physi cal di nensions _of nennr%%cell according to the present invention may

vary, typically,*%hd EFBEEFDEES AN £HHPOSIRSDE PE ndR Wit IS FHgitHy ¥ r om about
1 nmto a a t hi ck esses r.an m about 1 00 nmtq about
1000 nm ﬁgﬁﬁﬁ% PBAb Y ool o A EP R PEan? b HTH IR N g a

t hi ckness of ess than about 10 nm The conposition of the ferroelectric
mat eri al @'utf1|zed accordlng to the present invention may vary. One factor

that nay effect the conposition of the ferroelectric nmaterial is the
desired read and wite voltages for a device. One way to control the read

and wite voltaged Sg-11 represent cross-sectional views of an
embodiment of a device according to the present invention at
various stages of an embodiment of a process according to

the present invention.

DETAILED DESCRIPTION OF THE INVENTION




through controlling the Curie tenperature of the ferroelectric material.
Along these lines, the ferroelectric materials with higher Curiin 2003
tenperatures can increase both the read and wite voltages, W d"LJ'\IN
respectively. Exanples of ferroelectric nmaterials that may be utilized
according to the present invention include n bariumtitanate, having a
Curie tenperature Tc of 120C;, lead titanate, having a Curie tenperature
490C; potassium niobiate, having a Curie tenperature of 415C, tri-glycine
sul phate, raving a Curie tenperature & 49C, Rochelle salt
(potassiumsodiumtartrate), having a Curie Tenperature of 23C, and | ead
iron niobiate, having a Curie tenperature of ' 112C. As stated above,
witing a storagee devd ehracdeeedi ignt Oréieldy esartrriortentkon typreakl y
includes applying a wite voltage, Vw, having a value sufficient to

gener ate apcetiegttte ridmeld;,. EGentoalOnt rolstdragentevnak depokeing tbhe
ferroelectric material. The electric field produced in the ferroelectric
materi al shoal drbscat i1reasitias gheatdas 4 hehicoudesecefietield Esyef the
ferroelectric material. The value of Vw may depend upon the conposition of
the ferroebecteec tmat exlicalt.rofiee . valrvuei ol My nane ahsakdependfupba t he
tenperature difference between the ferroelectric material Curie tenperature
and t he opératoehetenperlatyare isFonfékamglte,td yeirgall ypntheisgal | er the
tenperature difference, the |ower the threshold voltage for witing or

Data may be stored in a storage device according to the
present invention by aligning an electric dipole of the
ferrcelectric layer. The different alignment states of the
dipole may be considered to be either "up close" or "down'".

By controlling the electric dipole of the ferrocelectric

layer, the tunneling current may be regulated.

Data may be written in a ferroelectric storage device
according to the present invention by applying a voltage
sufficiently high to produce an electric field above a
threshold cohesive field, E.. A voltage at least as great
as the E. will flip the internal dipole of the ferroelectric
material. Different values may be assigned to the different
states of the dipole. One state may be assigned a value of
"0", while the other state may be assigned a value of "1".
Accordingly, the storage device permits storage of

information.
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, 12 switching the dipole. for exanple, if the ferroelectric . material

i ncludes bariumtitanate, the typical electric field to flip Zhgdﬂmglﬁlﬁ
this material at roomtenperature is below | 0,000 V/Cn This €l d
may vary from about 1000 V/cmto about 10,000 V/cmfor the thicknesses
descri bed herein. According to one exanple, for thickness of ferroelectric
mat eri al about 100 nm the voltage required to flip the dipole is above
about 100 nV. In witing a storage device according to the present

i nvention, each dipole nonent of the ferroelectric material nay be assigned
a value. For exanple, one state may besa sign a value "0" and the other
state assigned a value of "1". Fig. 2a illustrates a state wherein the

di pole, u, of the ferroelectric material 3 is pointing dow, in the
orientation of Fig. 2a. This state may be assigned a value of "0". To flip
t he di pol e nomeR¢adonGtatsEorpye dAviipharer®lddetr ite thel Bresertesponding to a
vol tage greater than Vw may be applied between the el ectrodes 1 and 2, as
illustratedrVarHeR h.reafanmedstfatedol rrdE gelicbedswaaresltagof appl yi ng
the wite voltage, the dipole nonment of the ferroelectric 18 J UL 2003
13 mat er i aFSAASTPeerd raRferSéd. aThrsestat@ iwyl bétassi ghede atvalie of "1".
Readi ng a storage device according to the present invention may be

per for med Vetyesi fiFariipt $hfr PLPRGLAC st ay@r@eiiced aecbiding to the
present invention. One difference between the read and the wite nethods is
that the voFfage!appliedateriéddienéedenotdl V- i sPiich &nditier 1PHSR t he
wite voltagf V.",. To Leaq§9 nné% devi ce according to the present

i nventi on, VAT F&& VOt 499 Sag§|F bet e G ie Ct Mot eF edt rdue®™ and 2 and
a tunneling,current is neasured. According to one exanple, the read voltage
Vi is posi?%%% I H1EctTHdE 9T and negative on el ectrode 2. According to
this exanple, the tunneling current, I, wll be high for state 1
illustrated in Fig. 2c and low for state zero illustrated in Fig. 2a for a

i VI. The t ' It
grven e #ﬁge%éﬂgkéﬁﬂﬁg%ﬂgdge§§yr§%L E@%nagﬁggﬁgﬁirj§3M%9n§P age

by electronics to correspond to the two states of ory device. As can
be appreci gted-&romiihie Ahove cdesGEL POt ineadl RYcapdoMe L NG the storage

devi ce according to the present invention nmay be carried out utilizing the
sane 14high dielectric constant of ferroelectric materials to store

charge and "reading" the store charge by field transistor

type structures. For more detail regarding this aspect of

the invention, references made to U.S. Patent 5,487,029, the

entire contents of the disclosure which is hereby

incorporated by reference.

The present invention also includes methods of forming
a memory device. Broadly, the methods may be described as
providing at least one pair of spaced apart conductors and
providing a ferroelectric material between the pair of

conductors. The pair of conductors are spaced apart a

L4



,circuitry. This is one advantage of the present invention. Another

advant age of the present invention is that the storage nay be de nt
Typically, the read voltage is well below the threshold vol tagg arﬁ@ﬁrezm%

flip the dipole to ensure that reading the voltage does not alter the state
of the menory device. For exanple, for bariumtitanate as a ferroelectric
material, the read voltage nay be bel ow about 100 nV to read the nenory
device without flipping the dipole nonment. The read voltage nay vary from
about 1 ny to about 100 nv. The di polg nonment, or remant pol arization, may
be induced by applying the wite or bias voltage between the conductors. If
the bias voltage is sufficient to produce an electric field in the

ferroel ect distamtersaf fidigher tohaarinhe gotuse:lohgt harteet dtiodérd he
ferroelectric material, the bias voltage can be considered wite voltage.
The remmanbepebami zation of the ferroelectric material may be reversed,

that is, flipped by changing the sign of the bias voltage between the
conduct ors. 15 If, on the other hand, the bias voltage produces an
electric field |l ower than the course of field of the ferroelectrlc
material, the rempant ipoluertiraakisoanoéxsheld erfr elfectoeteoateci al woul d not
be altered. This bias voltage may be considered to be read bias voltage.
The tunnel shgraue resdd-credteethebyp riyvhderpael diascdiolgt Aget haypbesatet ect ed and
anal yzed to determne the remmant pol arization of the ferroelectric

mat eri al ahdverhis . t Hssteatteddfienhel hbndt e tdaliice Fipn ot here woralsly by
determ ning the tunneling current, it may be determ ned whether the nenory
devi ce haslaln@rrates e gichemelacspateng Along e reesenknésyenhern timnel i ng

‘current is high, it may have a value in the upper half of a range of about

0.1 mA to Abiutdams iy Stite 3dennePiAGI ctir BNt L ineshi gRewhehod Heetlead bi as

vol tage, that is, less than half the wite bias voltage is anti-parallel to
the remant!pofarizad iioh.FiBypilcaPPYS Ehe 923D Witds f9BF AR W13 be | ess

t han about one-half of the wite voltage t he ot her hand, the tunneling

current isS*PW wiHeH 1%fe Oréa aCBP5§18%|E%d€“5Eﬁ§PePE LP%8EC1%an hal f t he

wite bias, volt ar al | to. the rem qp qlarlzatlon of the 16
ferroelect??c er%%ﬁ ﬁvﬁ“§u&ﬁ18§§£§te?hﬁj uriiel'i Ag 3u?f%%{enay have a
value in t Jﬁﬁfth'f ahqu Qr% gﬁét%_@pﬂy a}g n@h qﬁ9%§ly W th
applying t e re bias vo tage eat na oca Iy app

ferroelectglgep@15¥|5ﬂe_ The increased tenperature of the ferroelectrlc

mat eri al may decrease the coercive field, going all the way to zero or
about zero at the Curie tenperature. According to one exanple, heat is

| ocally applied to the ferroelectric material utilizing |light resistive
heati ng. Accor di ng:dqneicexaspkecotiend i ghttHegirskede headhtibrd snaappl i ed
utilizing a laser. The tenperature nmay be any tenperature above room

t enper at ur ee ufie d or Ahaltas heroCephectieaperatalrea-tabodebel pandii zul ar draf eri al .
The present invention includes a plurality of structures incorporating the
above- descemnbedh rgeneridll ueanfitgdr ati Bhg of 1 t hentenvenheonediwciiudi ng at | east
two spaced apart conductors. The conductors may be arranged in the sane

pl ane. Al t eeqiti vef enree leondiuct nesenayl be. arlhangsdct nsididdarmntopl anes.

If they are not arranged in 18 J UL 2003 17
a storage device according to the present invention may vary

greatly. However, the electrodes in the ferroelectric
material typically will be identifiable as part of the

structure.



s

,the sanme plane, the pair of conductors may be separated in a vertica

direction by a distance of up to about 10 nm A ferroelectric Zi@i; iﬁ
arranged between the conductors. The ferroelectric nmateri al naiﬁi 20 3

t hi ckness of up to about 10 nm The ferroelectric material may include at

| east one ferroelectric crystal nmade of any of the above di scussed
materials. The ferroelectric material may have a Curie tenperature of about
23C to about 490C. Additionally or alternatively, the ferroelectric
material may have a nature such that Phe voltage required to switch a

di pole of the ferroelectric material is fromabout 100 nV to about 10,000
nV. The bias voltage required to read the nenory device nmay be | ess than
about 10 nV. A dietedtire mecordananhy she roarenthd rngenddenonsyahd t he
ferroelectric material. The dielectric material may have a dielectric

const ant ofMaBdEed 11t @ ghGectaicwipyer Fi glyriqallyst tieesialgenetal sinple
view of a menory device according to the present invention, Figs. 3d and 4
i || ustrat eMateargyersSdewelingcltigi A§Ca2 PP WP 1as ssfcording §er téeures such
as that illustrated in Fig. 1. Along these |lines, the enbodi nent of the
present inPéREEBR 1PYRIETICA &7 RAFPQS. d B ek & iGReISkdes afpRbParity of
first parallel conductors 5 and a_plurality of second parallel conductors
9. In the eRBob? n@PRUY 1985t r &FEAPLRSFPEsSUBY Hifd £t idécBrdeparafl el
conductors 9 are perpendicular to first parallel conductors 5 and overlay
first parafPefrucdnttict o159 Pert6ePeEt T cC it e talots ANe/ dépdsFPRd at | east

between firs rall el conducgtors 5 and second rall el conductors 9. As
can be appfobF digd 6 He REGCE A GChLes G arith FETHTE GooM3h%and 4. ¢ he

Bresent I nepton, TRl g e 2 BLUCRTLE V8L (195l condustone,  and, only

one second ¢Onddct 6 iy,
one first or. 5 with.a plurality-o £Cc0 uctors.,9 arranged over
the first gggggé%oél%ffaﬁi P%égg %d?ﬁ%% é?fT%s Sﬁ%%ﬁﬁiﬁfFFggf d"and 4,
each junct] e - r co t.. of uG S verlies
a conducto%gg?ﬁ?ﬁé ?fﬁ%ﬁﬂ%%% 3€tggégggﬁf$| Bg1zﬁﬁ?gfﬁggﬂger%eEAéﬁ%ﬁch, each
| ocati on whgreqtbe. conduetr $c0verl ap- and 1he fard qelgctrise paieri al ,
bet ween then represents a pair of conductors such as Fig. 1 shows. The size
of each qdf9iet stesaueLeld thel brbeeat 1easticioh pant seeptiyobbed by the

wi dth and the spacing of the conductors. As is evident fromthe enbodi nent
Il ustratedoifiedi gn BGs@t rhitg. w4drhanpl tied 1131 efvespaced apantijsoaguct ors
may be provided on a substrate and ferroelectric material provided between
t he conductbessidies anf erzodieveént.such as that illustrated in Figs. 3d and
4, al though the enbodi nment includes a plurality of conductors 5 and a
plurality of conductors 9, either one of these groups of conductors may
include only one conductor. In form ng an enbodi ment such as that
illustrated i n gl mdessl andadhesi b |eBRAdiFgyptf itddtsheapedvided on a
substrate. A first netallic |layer _nmay be provided on the adhesion |ayer 6.
A first phbtoreki sthidyerramayPbeapryviaerr B thte IS condRetarfic | ayer. The
phot oresi st | ayer nay be exposed to forma desired pattern. The photoresi st
may then bBeHaVRI Jffl PR opedt VBT he Phot'driedicdt M8rRtalfmsk over the
first electrically conductive layer. Utilizing this photaresist mask, the
first ol ecttPRal FYe Conduttiveorayer o8 ey peectrodes 1 and 2,

typically are made of an electrically conducting material.

ese i nv i ncl ude

For example, the electrodes may be metallic or doped
semiconductors. Examples c¢f metals that may be utilized in

the electrodes includes one or more of aluminum, gold,



.20 et.ched. The photoresist renmaining after devel opnent may then be renoved,
or stripped. Next, a layer of ferroelectric material may be ﬁr@w#@ﬁ?zﬂ t
| east one portion of the remaining portion of the etched first electi |y
conductive layer. The ferroelectric nmaterial nmay be deposited on a
plurality of portions of the etched first electrically conductive |ayer.
The ferroelectric material may al so be provided on the substrate exposed by
etching the first electrically conductive layer. Etching of the first

el ectrically conductive layer may al sd0renove portions of the adhesion

| ayer that do not lie under the photoresist and portions of the first
electrically conductive layer that |lie under the photoresist. A second

el ectri cal $yleondustines kagéprnaylenent el ystiog dad oncthe Mmagmerobf
ferrcelectric material and possibly portions of the substrate between the
remai ni ng Pords draofs t héxpipses| ayepemfcaldstoreal ngledndeictice mat eri al
as well as on the regions between the remaining portions of the first |ayer
of el ectriaed |3l cioiducisirpéngiferi al, whet her these regions are over the
substrate or over the adhesion 21 pronoter. A second |ayer of
photoresist is provided on the second | ayer of electrically conducting
material. The second | ayer of photoresist is exposed and devel oped and the
second | ayer of"elligctifiec &Py ieahdueRemy tt &fi BPTPsY etehed. 2a%Rr dgtbnd

| ayer of photoresist may then be stripped. According to anot her enbodi nent
of the preSenthd MAGHI SN INEENFEARt MBYe" DFY t HePderd Lif the UAIUIRS is

i ncl udes an q&gﬁ$ic nol ecul e. One exanple of an organic nplecule is DNA as

in the enbod? Ha9ustrat BAFRS FFRRa i AT GPORT 1) W8t Fatdewt
' eross-sectional vie f. an exanpl e of an.enbodi nen ccording to this
cpect o IRE e NRTRREr R Frrg g T PP R ob 0] B st flew of ¢ he
enbodi ment_ il lustrated.in Fi 7 prior to conducting, additional, processing
Lo form e il erbbdimehetirr uBbe bt o e | S T n R
5, the nme 4] Lustr Ln_FEi HFM [ d lurality of
conductorgP %ng%%hf%{alﬁkfggggﬁ%o%?ng%ﬁgi usﬁ?gkgd?Pﬁmﬁigs. 5-7, the DNA
strand, or other organic nolecule, acts as one conductor. The conductors 11
act as the other conductor in the pair of spaced apart conductors generally
represented in fid.colposit?@n of the ferroelectric material 3

utilized according to the present invention may vary. One
factor that may effect the composition of the ferroelectric
material 1s the desired read and write voltages for a
device. One way to control the read and write voltage is
through controlling the Curie temperature of the
ferroelectric materizl. Along these lines, the
ferroelectric materials with higher Curie temperatures can
increase both the read and write voltages, V., and V,,
respectively. Examples of ferroelectric materials that may

be utilized according to the present invention include




In the enbodi ment of the present invention illustrated in Fig. 1, it is the
'porti'on of the conductors and the ferroelectric material illustrated in
Fig. la that fornms the tunneling junction/gap of the nenory. %gzggg ~Ap
according to the present invention. In the enbodi nent of tHL nlbda
invention illustrated in Fig. 7, the tunneling gap 19 between the el ectrode
11 and the electrically conducting material 16 is provided by the
nanoparticle and the nol ecul es between the nanoparticle and the conductor,
or electrode, 11. According to such al enbodi nent, the storage cel

i ncludes a switch where the tunneling current between the DNA and gate

el ectrode 11 is nodul ated by the polarization state of the ferroelectric
nanopar ti cheri e iRiaha3kor ad gt hi 6y ebadipRnt cL$eStatd .1 oieading, and
witing the cell is perforned by the sane circuitry. The cell size may be
limted by di i 0 t he . ct C ri.ng._t he enbodi nent
shown in F?gé.%w@lt%ﬁ’q%ﬁegeﬁggg?ngé pefllrﬁ%g}gjter \aﬁ\ggg:’i go’Bél%gsmgm at | east one
of the conductors 5 and/or at |east one of the conductors 9 nmay be repl aced

with at | €astPiGHE o GARPe AolBELR et eTREIRTEE Wor ds2 St TFéadt Y6mBeof t he

el ectrodes in the pair of ~ 8 J UL Z003 23 electrodes illustrated in
Fig. 1 naySbhbeehadsl adedingt B aprieasenwine toirgarifc 4Avl/ec@icéeliter pattectric
material will still be deposited between the organic nol ecul e and the ot her

of the el eceotodes.unfisedfianr pekecaté L, metvwmoaala woulid bemperangesd dfet ween t he
organi c nolecule and the other of the electrodes. The ferroelectric

mat eri al n&yCheandr bawgediom trhiebdktlkeastvome or@aniec tepbecakereAbdng t hese
lines, the ferroelectric material may be attached, such as by bondi ng or

ot herwi se 1’the at | east one organic nolecule. An electrically conducting
material may al so be attached to the at | east one orga:~ic nolecule to
provi de the conductive nature to the organic nolecule to provide the
function as the conductor 9 in the enbodinent illustrated in Fig. 4, for
exanpl e. The atad easitednebeorganvei bheculse orayei delude atcdenstg ane

ol i goner attached to at |east one |location or, the at |east one organic

nol ecul e. e atedegdsti ngretdobr govercardy bevdlndeadedpinimg monofiayer of
oligoners attached to at | east one portion of the at |east one organic

mol ecul e. volktage, V.p ROOBQR4 [Mfaltise saf fleasnt ofe agaisite @l ecul e is a DNA
mol ecul e, the DNA nol ecule may be single or double stranded. The enbodi nent
i |l ustrat e sHFigsiedd hFoudtd Famerddeseal dermtal stirei@e@IDNASDI ecul e.
According to one exanple, the DNA is ~,-DNA. However, any DNA nol ecul e
havi ng any' SEffFEE 1ofF Bases Aty be ut91§7ed Caestdi NEPYE T he hridkent
invention._ln other words, the be subjectively selected. The at

| cast one BRESHCERS RByoFAGH e A |SBaat ORESR FRGRSSt Sbidi 1y the at
| east one R-|00op i.s f.qr over,_.at de 0 0 e cqnduct.ors uch as
conductorsgﬂ.‘llrf)S ﬁgﬁff%égggcf€§§¥%bﬁ%r%§é}%§fﬁ%%négﬁ%fjagfanggﬁ 8@2?? As
stated above,, t e a L NC [ t Jr.e
\according(¥§\?hggﬁfgggﬁﬁﬁﬁﬁ%%hf%%h%ﬁa Xﬁggf%§é$§ﬂﬁﬁ%Iéiﬁ%é%ﬁégg%?%tion of

R-1 oops may; he f.qundriha Asajcaps Kogame.) D Legns, ang,J& kegps: Al ternative

0
Mechani sms for the Initiation of Chrofnpsonme Replication i~; Escheric~~ia

coli, JOURNAdF tBACTERIFEL OB ce ALt w4 nPRerk88T2E812: dandgraf et al .,
R-1oop stability as a function of RNA structure and size, NUCLEIC ACI DS

RESEARCH, d99% tMalpe2dtube. add PPe 763243 chphdgtafc et al ., Double
st randed ~8J UL 2003

For example, typically, the smaller the temperature

difference, the lower the threshold voltage for writing or



,25 scission of DNA directed through sequence-specific R-1oop formation,
NUCLEI C ACI DS RESEARCH, 1995, Vol 23, No. 7, pp. 3524-3530; gxn&/@i:aim%d
Arai, Mechanisns of prinmer RNA synthesis and Dl oop/ R-|1 oop d
replication in Escherichia coli, BIOCHEME (1996) 78, pp. |109-1117, the
entire contents of all of which are hereby incorporated by reference. As
descri bed below in greater detail, the R-loop may function to provide a
site for the attachnment of the nanoparticle(s) to the DNA nol ecul e. Each
R-1 oop may include at |east one nanofd@rticle bonded to a portion of the DNA
within the R loop. In addition to including nore than one R-1o0o0op, nore than
one nanoparticle could be attached to a portion of the DNA nolecule within
each R-| oop¥iStlebyd fdie &HPRERI ngt'e hesmiidlsar tifckBesferere IRCRi®op are
di scussed below in greater detail. The R-1oops may be formed according to

- any known PeEdnigue FOudesr RPAGUR- T bopratsudheasYPhest diediBsed in the
above-references scientific literature articles. At |east one RNA nol ecul e
havi ng a sé§tbhce clomil dhentdPgleochtthendtaterdaporti B7P®f the DNA nol ecul e
may be utilized in '~ 8J UL 2003 2b formation of the R-|loop. As
stat ed abo¥@MPeFRUENA ifoPEdale LRay0f nél it ié Ehantbie Relsbp@vTheref ore,

the nore than one RNA nol ecule nmay be utilized to form R-100ops in the DNA

mol ecul e. EAEH RN A ¥ultOfay/ AlveC 238udifc 808 okprREME dlif t o a
di fferent sequence of the DNA nol ecul e. The sequence of the RNA nol ecul e

may be confPoFFRFIT BT IPERNBFESthe RIGEPSY Vi §Parey TrE%t&y.

exanmple, if the DNA nplecule.is to include one R-I and the R-loop is to
be cent ral FYLFEEa1d ] TG BRAC Fof BUTE, | The PRRA nif edlt oy have a
sequence cgnﬂerrgnrt ary. to a sequen geo%i tohle QNA l,ecukljgusulc%tw t he RNA
mol ecul e w'PT-He° substanti all y cBnt &Y €4 fon T hé fof 22Ut &, edUi‘di st ant
fromthe ends of the DNA nol ecul e upon formation of the R 1oop. The DNA
nol ecul e may have any sequence that permts formation of a desired nunber

of R-1o0ops in dféiwxfidci'n%c%t is‘EBQ%? J@@gé@%&%&%i% the. R mlegul e than

may be utilized in form'ng the R-lToops) may vary, “depending upon the
posi tioni ngnefnt gy DNAJIDIEEBhE heh&tt V& LidATeekBE1 EQEL: & haltJmy 1l | € under

the DNA nol ecule. Along these |ines, the RNA nol ecul e nay have a sequence
such that kKhe R|00p A Bevalned ~Fér =203 e, one state may be a

sign a value "0" and the other state assigned a value of

"1", Fig. 2a illustrates a state wherein the dipole, n, of

the ferroelectric material 3 is pointing down, in the

orientation of Fig. 2a. This state may be assigned a value

of "O". To flip the dipole moment to state "1", an upward

electric field corresponding to a voltage greater than V,

may be applied between the electrodes 1 and 2, as

illustrated in Fig. 2b.

As illustrated in Fig. 2c, as a result of applying the

write voltage, the dipole moment of the ferroelectric



27 positioned over an underlying electrode. If the present invention

i ncl udes nore than one R-1oop and the R-|1oops each overly an egﬁ triﬁf, t he
RNA nol ecules utilized in formng the R-1oops nay have sequenc sd tZ@@B
the R-1oops will be positioned over the underlying el ectrodes, such as the
el ectrodes 11 in the enbodinent illustrated in Figs. 5-7. The length of the
R-1 oop may vary, dependi ng upon the enbodi nent. According to one exanple,
the length of the R-1oop, in other words the nunber of nucl eotide bases on
the DNA nol ecul e that the at |east onel3R-1oop occupies, may depend upon the
wi dth of the conductors or electrodes 11 arranged under the DNA nol ecul e
where the R-loop is formed. According to one exanple, the RNA 15 form ng
the R-1oopmatigrihel abasitbddh trevaheetd .| , B00s baisese ImaygbeThssigoned esponds to a
| engt h of about 3 to about 500 nm Typically, the RIloop form ng RNA has a
| engt h of a&bdut 80 Yb"about 300 bases, corresponding to a | ength of about
10 to about 100 nm The ferroelectric material may be attached to the DNA
nol ecule within the R-1oop. According to such enbodi nents, the
ferroelectric material typically is attached to the 18 J UL 2003 28
portion of the BhAdimy ezt iayet hievReckoapceirding sanchebpndednto the R-1 oop
formng RNA 15. At | east one chem cal npiety may be attached to at | east
one nucl eotlingent hop heantbd amstfagmedRvEopps iMMhleamdty Iteagtriohegcheni cal noiety
may include the ferroelectric material. The at |east one chem cal nviety
may be att &tR&dIe odeheCcONKIIddal Eowkbhai pregrntR-inygpthynat Peast one
hydrogen bond and/or at |east one coval ent bond. The nature of the at |east
one cheni c&liABrenge et e the trédorgantee mlidcumethadsvasytfaom

enbodi ment tc enbodi ment. According to one enbodi nent, the at |east one
cheni cal mbiP&t YOI RRFUIdRRP ] dastrefe CRBCTEMTHY: AR B idd Sdome

enbodi nents, the at |east one chemcal noiety may include a plurality of
cheni cal mbi'8fi 58° Witea&t!l Gwe 8%'tkﬁ9rﬁﬁ%@t?e@e%ﬁﬁYc%ﬁYqu s capabl e of
bonding to _at | east one}pucleot%&e,in the at |east one R-|lopp. According to
Some enbodPREATEL P HE ol GHEr> G *CREM LAt fbi oty A adBs ¢ | east one
acid group anﬁﬁag gggst oqgvglcohoheggougé Ther%}2leaétaoge hem cal noiety

may addi ti 6na ? or-altern |&gpyebe af?ac%éﬁéio at “'eaSt “one amni de group

on the 18yl bl 200%42,40, | easl onen N, MOl QISAEL N A L hE, R Oroup. The

at | east one chem cal noiety may inclu wo nucl eoti des nded to two

nucl eoti des,@RaLBey DA FBE@EQL@ o td dediReieRa! 908- nddie: £ J1pl ecul es .

i ncluded in the chem cal noiety and include guani ne and cytosine or thym ne
and adeni ne)efsrshated Theohamgcab WRietyxamyld Nahedevansaneparticle. The
nanoparticle may include the ferroelectric material. The nanoparticle may
have a maxicourewt dt h, ofilless tthan #beustd€e Nmillhetattkaash png. chem cal

noi ety may include at | east one nanoparticle. To facilitate bonding of the
nanoparti claedt dbowheoorgatie =Hroudflinefrétwed nandpar.t izel €omay ¢iredmude one or
nore atonms or chem cal groups attached to the nanoparticle. By attaching
one or nor &:suchettomgedingr oupssnt heegrarregamelycteameye b dveurted ¢ral | zed".

voltage by electronics to correspond to the two states of

the memory device.

As can be appreciated from the above description,
reading and writing the storage device according to the

present invention may be carried out utilizing the same



.I'n the case where the organic structure includes a DNA nol ecule Ieast

one nucl eotide may be attached to the nanoparticle. The at le st j{%_

nucl eoti de attached to the nanoparticle typically is conplenentary to at

| east one nucleotide within the R1oop of the DNA nol ecul e on the ~~JU

L 2003 30 portion of the R-1oop not attached to the RNA nol ecul e.

Therefore, the nu~~leotide attached tc the nanoparticle nay depend upon the

sequence of the DNA nol ecule and where it is desired that the nanoparticle

attach to the DNA nol ecul e. The nanopgfticle and the attachment of the

nanoparticle to the DNA nol ecul e are di scussed above in greater detail. The

nanoparticle may attach to the portion of the DNA nol ecul e anywhere w thin

the R-1oopSimeridrding hasohé enbodilvarniade led faRoparseel el HiqTHCes to the

DNA about in the center of the portion that lies within the R-1oop.

Ther ef or e, AR g DA agR PRethanppaariiclidveay igependtiportithe | ocation of

the R-1oop. For exanple, the nanoparticle may be attached to the DNA

mol ecul e nFEREBI D&M PREMEABBt of the DNA nolecule if the DNA nol ecul e

i ncludes one R-l1oop substantially in the center of the DNA nol ecul e.

Regardl ess of whether the present invention includes an organic nolecule as

in the enbodiments illustrated in Figs. 5 through 7 or typical

l'i t hogr aphi cal IRNleé?ailrJre/cl éBﬁdH%@‘ér‘éOlgtsaQ% ltshé’eégbBﬁi%ntfh? 1t shaléd in

Figs. 3d and 4, the present invention typically is formed on a substrate.

Exanpl es ofO%iif& rrﬁoé’slrﬁﬁlaFot ﬁ%l%r%%%rﬂlHWeﬁPl BASHEY bt = C frned

uPcn 31 such rnater' include glass@Qs a ~' ~ n~~cr zncZ-~e éjartz~ a ~

(Iilﬁranrcs el 4298 Aoefanes a3l n 1'she %eP?ﬁEg(helrﬁ%rp%ﬂés ?ANA ol s -~
pt pr t re~drdles h ~ ~~ ecule as ir rpspnt ~nVP u ~h 7

“he ~m-n {9 ne>bam~p§<§"uc:tf|9§ gérfﬂm Tflt‘?na}‘te azSCei‘I %Fﬁf X%C%Prrcgnts illustra~e w

din phlcallYIﬂiﬂ?f%%ee%eg oﬂpgggﬁggy %%H%% about 100 mV to read

the memory device without flipping the dipole moment. The

read voltage may vary from about 1 mv to about 100 mv.

The dipole moment, or remnant polarization, may be
induced by applying the write or bias voltage between the
conductors. If the bias voltage is sufficient to produce an
electric field in the ferroelectric material higher than the
course of the field of the ferrcelectric material, the bias
voltage can be considered write voltage. The remnant
polarization of the ferroelectric material may be reversed,
that is, flipped by changing the sign of the bias voltage

between the conductors.



'p re.t a.Sent ~r~reht~n rnay. -~ in iarran~Pd ' between ~. h~ 'nclude a
-gigs. Jd 11'~str _ coed n adhA and later bG tes an exanPlL CT 8333@2 iaﬂ
the sub VS~Un lav~Q at lea tween the Cndu~ ~dheVin ZaY~'r. Vi a
~d st one eleCr -.tcrs and the The adheszn su the adheszon latex ~callyY
cnduct-~n bstrate mat ~ncl The adhesion |lave mat include chrmmterial) F~
ex ude cnductrs ~ and tr may al so b~ arran gum an, ~~ tltan4u~ nPi P~
adJacent the Subs he substrate where fed pet~~een sc~c~,r~d tr ~ Cnductr.|
5, zn trdte rather than arr eCnd chd~~4Gtrs 9 Prir t arra m enbdi nrent an-~ea
over t are an aahes~n ngln9 the pNA nole 2llustrated it ~: hP f~rSt the
Prmtar 14 cute over t ~g.s. 5~7 cnduCrs 11. nd~, be prv-iced o he cnduCrs
11~ n the Sur~aldp ¢M Phés ofherchaddct v last vPhTaeat P ROdUWRS tite menory
devi ce then they axe coed accra~ng t the actors such as 18 J UL 2003 32
conduct or se 5@l @ fileldstioarsdthan Filgs .ca¥dsgng@f4foelédonbudiors 10 and 11
and organi ¢ nol ecul e based conductors such as those illustrated in Figs. 5
t hrough 7, f¢sr e dapar 8R4 i rdm ERR hrotFet Pylardrstaveeebftgbout 50 nmto
about 5, 000 nm Add|t| onal -y, each of the types of the conductors may have
a wi dt h of f&borR* S0 Ghn fetaboat sowbd Nh deéllﬁaéﬁ‘é} | y'hiheéicohduct ors of
each type parallel to each other. For exanp all of the conductors
5 may be p‘é?]}‘/ﬂai%ﬁ ey é’&cﬁ%?ﬁ@?r%‘? %‘Plbeofrelaﬁiebééﬁdiﬁ%jf’bﬁ*%EQ neye be paral |l el
to, each other. The conductors one type may al so be arranged

equi di st ant ¥3°% 5 &é{‘(,rﬁe&tthélreaﬂ?flek?‘h Hev@iegd R13sofotaedidudrs of one
type may n(gt be the sane nce fro-n ot he conductors of the sane type.

The or gani % HotetuIe? 672 Pfﬁfa BPt%?terW%I)‘? SoF GANTRE SRt 1 9Pay be
connect ed t ﬁéecttrodegeon t he sy rface of aéﬁubstﬁate such f(ajls el ectrode 10
{

in the enb% §9°GefrArad TR ?‘:fjgal 50%hEREPect Podes? & e i bed above
in greater Vg} de ‘m% connection may be effected in a variety of ways. For
exanpl e, trFI hnect i on may be carried

In other words, by determining the tunneling current,

it may be determined whether the memory device has a "0"
state or a "1" state. Along these lines, when tunneling
current is high, it may have a value in the upper half of a
range of about 0.1 mA to about 10 mA. The tunneling current
is high when the read bias wvoltage, that 1is, less than half
the write bias voltage is anti-parallel to the remnant
polarizaticen. Typically, the read bias voltage will be less

than about one-half of the write voltage.

On the other hand, the tunneling current is "low" when
the "read" bias wvoltage, that is, less than half the write

bias voltage, is parallel to the remnant polarization of the



~ 8 J UL 2003 33 out by providing sites on the electrodes that the organic
structure nmay be attached to. The attachnment sites may be pr Bde Y,
variety of structure. For exanple, one or nore atons or nDIec yZQDH
provi ded on one or nore of the electrodes. According to one exanple, at

| east one organic nolecule is provided on at | east one of the el ectrodes.
The organic nol ecul e could be bonded to the surface of the el ectrode(s).
According to one exanple, in which the organic structure includes a DNA

mol ecul e extendi ng between the el ectrqges 10, at | east one DNA and/or RNA
nol ecul e may be attached to the el ectrodes 10 shown in Fig. 5. In the case
where the organic structure includes,DNA, typically, DNA is provided on the
el ectr odestfdOrodhectDNA mayelve apr ovideshon ddsesel eber bdesel hn@ vari ety of
ways. According to one exanple, the DNA is bonded to an atom or nol ecul e
that facilctarest insy doveeet vehueoit hehelleoteroted f F6ralexanpl €] rthe DNA
could be sulfur termnated. The sulfur term nated ends could attach to the
18 J U L 2003:aBduisurf ade of the gold electrodes. It is well known that S
term nat ed conpounds bond to a gold surface. The DNA nol ecul e ext endi ng

bet ween the el ec~rodes 10 may bond to the DNA and/or RNA on the el ectrodes.
For exanple, both the DNA nolecule that is to extend between two el ectrodes
and the DNA nol e e(a)eougd vi nitheapbbvie exdepireadabiaghedl ta3¢ he

el ectrodes could have a single stranded portion. The single stranded
portions ohedhenPRAGDI®EIIlY ERALLIEY @ &) FFrBeLREERL ¢ hea et et ¥ odes and
the DNA nol ecul es) attached to the electrodes may have conpl ementary ends
to facilitdbe thereapshdignperstaaehobt et . feAé@@ﬁ&Fﬁﬁle“%%%rJe‘%ﬁodﬁﬁhent t he
DNA t hat |s attached to the electrodes is single stranded, sulfur

t er mi nat ed BREC2 BT gdt U ST 3f ewhet hdr %?Hﬁiél r CHEUBPE EPr AntfeCDNA or RNA
i s bonded to the electro t he DNA an i ncl ude from about 30
to about 30°°Hb BAERST ﬁgﬁk§ﬁfletﬁﬁmﬁfﬁﬁqﬁﬁf beA§§O¥8h6gaE°a%%%t 10, 000 base

palrs and thgmg@m WR%EP%&?%O% EEQ 5851&9 cp%%% %grggg?ectrlc
material utilizing light resistive heating. According to
one example, the light resistive heating is applied
utilizing a laser. The temperature may be any temperature
above room temperature up to about the Curie temperature of

the particular material.

The present invention includes a plurality of
structures incorporating the above-described general
configuration of the invention, including at least two
spaced apart conductors. The conductors may be arranged in
the same plane. Alternatively, the conductors may be

arranged in different planes. If they are not arranged in



~ 8 J UL 2003 35 Additionally, regardl ess of whether single or double
stranded DNA or RNA nol ecul es are bonded to the el ectrodes, the' m@%ﬁﬂ
RNA nol ecul es attached to one el ectrode 10 may have a different

bases than the DNA and/or RNA nol ecul es attached to the other of the

el ectrodes 10. Alternatively, a portion of the DNA and/or RNA nol ecul es
that the DNA that is to extend between the el ectrodes may rave a different
sequence, rather than the entire DNA and/or RNA nol ecul es. According to an
enbodi nent in which DNA nol ecul es are Bttached to the el ectrodes and the
DNA nol ecul es include a sequence of bases to bond to the DNA nol ecul e that
is to extend frombetween the el ectrodes 10, the DNA nolecule that is to
ext end bet iBénsehe Rlattr dd€spraay PhctudbICtOIScRyYehdssepdzatethvia &
sequence of bases that is conplenmentary to the DNA attached to the

el ect rodesVeFt§cal digamtion &y andepbutiandit vef ta BRALRol@cite 21 that is

to extend between the electrodes 10. Fig. 8 only illustrates one el ectrode
11 between el ectrodes 10 to ease understandi ng of this aspect of the
invention. The DNA ~ 8 J UL 2003 36 nolecule 21 is shown in a |inear

configuration. FhEeBIPTIBF tendsMeBeand! 255 @t 3pr6di el em t He® ends of the
DNA nol ecul e. After constructing or otherw se obtaining the DNA nol ecul es
to be attaCRBHUEEC¥he eilectirdeseotfHeyardy e ReYabhde & ot K@t r odes.
A solution may be forned, that the DNA nol ecules are to be added to. First,
an aqueous %ot Fordistuta are-i sTher M oRFe tEXanPrESHE2h B t is sodium

chl ori de. Eac ere a. different m)hecul e i to be attached

nmo| ecul e,
to each el éEFEngA?@,lW PREN LRET BT T (e SSEuPRdRsOL any of

the above discussed materials. The ferroelectric material
may have a Curie temperature of about 23C to about 490°C.
Additionally or alternatively, the ferroelectric material
may have a nature such that the voltage required to switch a
dipole of the ferrocelectric material is from about 100 mV to
about 10,000 mV. The bias voltage required to read the

memory device may be less than about 10 mV.

A dielectric material may surround the conductors and
the ferroelectric material. The dielectric material may

have a dielectric constant of about 1 to about 10.

While Fig. 1 illustrates a general simple view of a
memory device according to the present invention, Figs. 3d

and 4 illustrate a larger device including a plurality of



After format_on of the solutions, a quantity 43 of one solution may be
pl aced on the one el ectrode 10 and a quantity 45 of the otherg solution my
be placed on the other el ectrode 10. Wich solution is pIaceJ énJKH;qaggg
el ectrode may depend upon how it is desired that the DNA nolecule that 1S
to extend between the electrodes is to be oriented. The quantity of the
sol ution deposited on each el ectrode nay depend upon the concentration of
the DNA, RNA, and/or other nolecule that is in the solutions. ~0~~1
2003 37 In deternmining the above fact@grs, the resulting final structure is
inportant. That is, one DNA bridge between el ectrodes 10 should form The
concentration of volune typically is secondary. A flow ng solution could
al so be utkkizeturdd tarcappl keati onl eft sdddt iiongito the Bleed raoes to
deposit the desired nol ecules on the el ectrodes, the solutions may be
renoved. Typhéeal | yhe tdidbEamehitobs e pesdardd edveatr L emai Nl wix tdhecel ect r odes
for a tinme sufficient for a nunber of nolecule to be attached to the
el ectrodesihoriaei | 3d aired tahenattbaebhnentl0faltihg erganist spauct ke bet ween
the two el ectrodes. Typically, the solutions remain for a time of about 10
m nut es t ocahautt@0s M rautces. pRemavaty off tdeeosal peirehl eahycdedwarstsed out in
a nunber of ways. For exanple, the solution may be washed off. For exanple,
wat er coul @.beluttthe zebddimeashil hessodttdd dm ofifis. T9pi eadl | 4, ddwmworsdl uti on
is washed off with a liquid that does not include any noieties that attach
to -S-Au bondsll@ltermatdteelsy S the sofpdridirudewl dobéiper npdtaedidlo dry with
our without the application of heat. According to one exanple, an air gun
coul d be utphidredors A&nH Yver2093f88stFigpraldeill castvatessthe el ectrodes 10
once the solution has been renoved. The nol ecul es 47 and 49 remain attached
to the el e€erodesecinfiemagteraehnBnt s ofendrd tasc R6r L AgsS hoPeltid s fiorgthe
el ectrodes, the structure that is to extend between the el ectrodes 10 may
be appl i edPBsat hel staiods suéRdagesetusaraledli ROFHEYCEADS 9n the case
where the organic structure includes DNA, the DNA may be applied to the
substrate over the el ectrodes and space between the el ectrodes. The organic
structure could be applied in a ggéuéion. d for creating a DNA

I

On th
bri dge bet =—~~eefi® efEEtI0FEEFE 4 E%H1¥HE%P§§ﬁ §%S%T??l?%ueq npl a~ed

assenbly and electro ttach f a conducting silver wr Nat ure, Vol .
391, pp.YYEF?97?1%%b?§%?§K€g/nﬁgé8§r?%%1ean¢€té%Ht%% sl%gﬂ%éﬁé% i s hereby

| ncor por at gd by { € & 1168 ALLRL,APPLL G 0 .1 B DNA Rl ecul e(s) , the

ones that are to exten etween the e ectrodes, "'to the substrate_and
el ectrodes .LhgycrBy Hond Q@ R0+9GERRI Crind FHCLWhe, i SYEREASH anahQy i ng

nol ecul es, attached to the electrodes. To pronote a desired orientation of
the DNA nohgeuhes ¥d heinespeehdti8tor 5 &iklJal p20081ity of second
conductors 9 arranged over the first conductor 5. In the
embodiment illustrated in Figs. 3d and 4, each junction
where a conductor of the second set of conductors 9 overlies
a conductor of the first conductors 5 will be a storage
cell. As such, each location where the conductors overlap

and the ferroelectric material between then represents a

pair of conductors such as Fig. 1 shows. The size of each



39 the el ectrodes and anchoring nol ecul es, such as the DNA descri bed above,
the DNA that is to extend between the el ectrodes may be subjegted to
conditions that tend to align them The conditions could incl @eﬁj@??@@ng
the DNA nolecules to an E-field or a flowfield. If an E-field is uti d,
it my be fromabout 104 to about i0OE V/cm On the other hand, if a flow
field is utilized, V may be fromabout 1 to about 100 crn/sec. Encouraging
the DNA to align in a particular manner helps to ensure that at |east one
of the DNA nolecules will extend betWen the el ectrodes. Typically, only
one "DNA bridge" is fornmed between the el ectrodes. Additionally, typically,
no DNA bridges will extend outside of the region where the DNA bridge is
shown i n Fp§.stidradko deddi Wil at ke f@r netasin iof pehe ONAL bl dygk () tre
fluorescent dye may be utilized to tag the DNA. The experinent is done
under a m¢idgrapel tAs speniag ohetly idgelucsoter med, the sol ution

contai ning the DNA may be purged fromthe area of the el ectrodes. ?9
~~~, 2003 40 I nmobilization of the organic nol ecul e, such as the DNA
nol ecule illustrated in Figs. 5 through 7 on the or abcve the conductors 11

may be acconpl ixhed lgyidenangrony Hre adiresiioanpr ohbt et rderdueien Hige DNA

nol ecul e and the conductors. The adhesi on pronpbter nay be any material that
wi || encouf@gand HE DNA el eéurelilty b ismpasedl PRt ofe R dEC e HEtyo s
According to one exanple, the adhesion pronoter is a nolecule that includes
a sul fur aPePViiebid éndubRdrat O ARy e lacseeond edel 2 THE SUildssur at om
may contact and bond to the conductors 11. On the other hand, the OH group
may cont ac®eB§t tihén COPILRECHNA nDl eCUICEROFABRTHI Pl SUIPHRA nol ecul e and
adhesi on pronoter is especially useful where the conductors/el ectrodes 11

i ncl ude gotHl Yt Gl dcbRear n%’(ﬂgaréﬁl 1oy 2TAPCBE hbRTI TP IHE DNA

nol ecul es),tolt%e el ecltro es, aj%) Ieadg%: one §-Io p ma]\s/ be fornmed in each DNA
mol ecul e t hAT 1OThe & B dgé" Chet WESIT e el 8Bt r ddR& T oyiicdlly, the

R-1oop is forpmed in region_of the nol ecul es between the el ectrodes 10
that is ar?%rﬁ%uec oorvse?)’ar?cg)“ttﬁ&r Qhecth c?glﬁe,ses chas ?Ee&é (guc%troordseﬁayll

descri bed T r i he R-1oop is also described above. Fig.
5 iIIustra%ggygd%@%%%ggﬁﬁégéhgéa endi ng between the el ectrodes 10,
wherein ~~ a aa ~ ~aa~ 41 the DNA nol ecul e includes an R-1oop 20 in the
region of the DNA nol ecul e over each el ectrode 11. After formation of the
R-1oop(s), at |gastc@Negnanopaksd Ghehdmyidbeabonded 1o dde LN npl ecule. At
| east one nanoparticle rmay be bonded to a portion of the DNA nol ecul e that
lies withipigachsdRdneon,and bthrésie 1atilcachad trorshepRNAGBRGUIR. alo
acconplish attachnment of the nanoparticle to the DNA nol ecul e, a suspension
of the nanespastrixiee may fhestonaesllilhe aswspensi ba payvidel wde thanoparti cl es
with a nodified surface, as described above. The nanoparticles may be
suspended adhewier layeax éonceénfimit arhogforaboat 0attefonay douwtrcbdded After
formation of the solution it may be dispensed in a region over the R-Ioop.
The pronoter e dtitzschagtedlinelawaoparticle may then bond to the DNA
within the R-loop. Typically, about 1 to about 10000 nucl eotides attach to
t he nanoparticle to pronote adhesion of the nanoparticle to the DNA

mol ecul e. The nucl eotides) attached to the nanoparticle may be

conpl ement ary t'0 OGO IREEEL nteY Totade S WPKRPASE e B &€d€§6ri bed in

greater detail above. ,
pattern. The photoresist may then be developed.

Development of the photoresist forms a mask over the first
electrically conductive layer. Utilizing this photoresist

mask, the first electrically conductive layer 5 may be



~ 8 ~ ~L 2003 42 In the case of nucleotides on a nanoparticle bonding to a
DNA nol ecul e, the nucl eotides on the nanoparticle may hydrogeg bond to the
nucl eoti des of the DNA nol ecul e(s). After at~achnent of the n n@p@(}%ﬂ@g)
to the DNA nol ecul e extendi ng between the el ectrodes 10, an electric
conducting material may be provided on the DNA nolecule. The electrically
conducting material may include any electrically conducting material.
According to one exanple, silver may forma salt with the organic
st-ucture. Metallic silver nmay al so be,provided on the organic structure.
Fig. 7 illustrates an exanple of the gpesent -~nventi o™ wherein
electrically conducting material 18 is arra”ged on both sides of the DNA
nol ecul e wittdheche &keephboorefist pomtdion naf at her DNAefod e e maycl udi ng t he
R-1 oop where the DNA nol ecule is adhered to the conductor/electrode 11. The
el ectri calihercoedwetovag, mat estalpmad.t he DNA nol ecul e can include silver

i ons bonded to phosphate groups of the DNA nol ecule. Alternatively and/or
additionally, the electrically conducting material may include netallic
silver bonded to the DNA nol ecul e. When depositing silver on the ~ 8 ~~~
2003 43 DNA nolNeedl eat haveexeents tyetiwesm itheaed et ¥ ooes HE) prvorislegini f i cant
seedi ng and deposition of silver may take place on the R l1oop, due tc a

| oner dengint ytoflegistvenei pastidTheofAghe gasat oiny apsal torwiath téeephosphat e i on
in the DNA backbone. In the double helix, the 0- of the phosphate lons are
evenly di $ttdhsedt éd raF o8 hecCt hiecalolible@rkelctkve Hbaeser , Thite density is about
500 lower in the strand formng R1oop. Al so, due to thermal vibration, as
the Ag i of 9 oed@GEEHCt B2 Rgr bl iy Re| 6lopositedion arimgrard ity ©offe hi gh
density region, that is, the double helix region. The electrically

conduct i ngRteFSaPLohnN e het Shefhrfiid sdt rdeEHF ECHE bY i Rsiug tdoitddétysr -on t he
organi ¢ structure. hn the case where the organic structure includes DNA, an
R-1oop i n e IBRACENECHT hadbpartidc! &34t facRed® tRr VRS ISNA Siécul e in the

R- | oop, tg%bsl%%kglca

N nduct in ng eri,al _on the Qngﬁ‘ic structure may
provi de a con uctoreFBOgﬁé %w?%ﬁQﬁig °t heT & | oo Ot YDNA ol ecul e.
conductive layer. Etching of the first electrically
conductive layer may alsc remove portions of the adhesion
layer that do not lie under the photoresist and portions of

the first electrically conductive layer that lie under the

photoresist.

A second electrically conductive layer may then be
provided on the layer of ferrcelectric material and possibly
portions of the substrate between the remaining portions of
the first layer of electrically conductive material as well
as on the regions between the remaining portions of the
first layer of electrically conductive material, whether

these regions are over the substrate or over the adhesion



,The electrically conducting coating may be applied to the organic structure
by imrersing the organic structure in a solution that includegs silver ions.
The silver ions in ~ 8 ~UL 2003 44 the solution may then f r8n¢Hji§?pB§
salt with the organic structure. In the case where the organic struc
includes DNA, the silver may forma salt with phosphate groups of the DNA
nol ecul e. After formation of a salt, the silver in the salt nmay be reduced
to metallic silver with a reducing agent. Exanpl es of reducing agents that
may be utilized include hydroqui none/§H followed by hydroqui none/ OH".
Deposition of the ferroelectric material in the enbodinent illustrated in
Figs. 3d and 4 nay be carried out by post-l|aser deposition (PLD). Post

| aser depositiomeis & mstdvod waeee af |Eydongpilsgyés depvsiied otn ofhe/ari ous
chem cal noieties of each el ement nay be perforned. Stoichionetry of the
post - | aser seeposi 13 \Ar ey BectohcadlY erbrisincaingt mageaiedl i bF@ ed anount of

material fromthe target of each elenent. Al though the nethod illustrated
in Figs. 3&cehnrdubtysad dis rowwéoneshod id Fxmamed sneudetieecredordi nghe o t he
present invention, alternative nmethods may utilize standard "lift-off"

met hods whéfeophotaresist edercsrasadl vesddustdagodntendtal 15 aleshefrectly.
Lift-off naﬁépernit a higher resolution to be achieved. However, utilizing
a |ift-of f Thet oeCHhy D e PBERPrext tthairtt Keest RFdaF81 PPt ol i t hogr aphi c
method illustrated in Figs. 3a through 3d. ~ 8 ~ U~ 2CCr; 45 The
foregoi ng description of the invention illustrates and describes the
present invention. Additionallﬁ t he di scl osure shows and describes only
the preferred etbofitet <P BeF ngRRI iGN th3f A5SaP6FER-Nt i oned, it is to
be understood that the invention is capable of e in varjious other

conbi nat i on8VeRbH i ¢Ht i'GiEt SAT 8%v??%ﬁﬁ§ﬁi§fag S §°B4PabPe® of ° changes or
nndificatiogs within the scope gf t?e i %gpt&%% gngept as_ex rgssed

her ei n, coRfERSLT At Wit e "2655 8 ?Eac_rh s, gn&/or the®%s |r or

knowl edge Qf, L Lefevant aLl , The. enbodiments .desctibed. hey ehnapove are
further intended to ‘expldin best nodes known pﬁ_prac rcrng the 1nvention
and to enablLe others ﬁkﬂlg'u\%mﬂtr'ﬁ'ete%hs @fcss§-%el&tt'ilo:pé§ the,i pyention in such,

or other, enbodi nents an e various nodifications required by the

particul ar cappbi €at+ ats Hlodd3renef atberd Mentd en; sAaepedE gt Ysnd he
description is not intended to limt the invention to the form discl osed

herein. Al geesthtisniditargded that bhelappended cl akpaabe comststiethd o
i nclude alternative enbodi nents. 18 J UL 2003 46 CLAIMS W claim 1. A

menory devietBod Codmpt iiSlngt rat eHeast Fofne paimioaf teosdudtot sngpaced apart a
di stance sufficient to permt a tunneling current therebetween,;

additional processing to form the final embodiment

illustrated in Fig. 7. As 1llustrated in Fig. 5, the memory

cell illustrated in Fig. 7 may include a plurality of

conductors 10 and 11. In the embodiment illustrated in

Figs. 5-7, the DNA strand, or other organic molecule, acts

as one conductor. The conductors 11 act as the other

conductor in the pair of spaced apart conductors generally

represented in Fig. 1.



at | east one organic nol ecul e extendi ng between said pair of conductors;
and a ferroelectric material between said pair of conductors, qﬁgaztﬂgaghib
ferroelectric material is attached to said organic nolecule. 2.

device according to claim1, wherein each of the pair of conductors is a
netal el ectrode including at |east one netal selected fromthe group
consisting of Al, Au, Ag, Cu and alloys thereof. 3. The nenory device
according to claim1l, wherein the pair of conductors are separated in a
hori zontal direction by a distance of gbout 1 nmto about 100 nm 4. The

menory devi ce according to claiml, rein the pair of conductors are
separated in a horizontal direction by a distance of about 3 nmto about 30
nm ~ 8 ~~~ 2003 17 ehbodh@e Men®r \t idepiregeAr~CoF€h thihrt d 1ah@itmal edwher ei n

the pair of conductors arranged is arranged in the sane plane. 6. The
menory devigeragcar,diing ikothéapdrtlionvher ehs tbeddctpadd 20fd eoreduct ors are
separated in a vertical direction by a distance of up to about 10 nm 7.
The menor yfelenmiele aader dingrial cl Biustratwhet ei hidg hel £ erragelfectusi ¢heat eri al
i ncludes at |east one ferroelectric crystal between the pair of conductors.
8. The menouyndenmicceuaccopdy agp tof diad mehprwhesel ce tdre-drerimaeltec tthieC
material includes at | east one material selected fromthe group consisting
of barium pre¢sarat e,nvepadoni t ahat ehe potoasisimant noHbtlad egrdsentgl yci ne
sul phate, Rochell salt, and |l ead iron niobiate. 9. The nenory device
accordi ng toveltgian 1,llwkséretedtire Fig. 7, the tunneling gap 19

between the electrode 11 and the electrically conducting

material 18 is provided by the nanoparticle and the

molecules between the nanoparticle and the conductor, or

electrode, 11. According to such an embodiment, the storage

cell includes a switch where the tunneling current between

the DNA and gate electrode 11 is modulated by the

polarization state of the ferroelectric nanoparticle. The

bit stored by this embodiment is static. Reading and

writing the cell is performed by the same circuitry. The

cell size may be limited by dimensions of the gate

electrode.

When comparing the embodiment shown in Fig. 5-7 with
the embodiment illustrated in Fig. 4, at least one of the
conductors 5 and/or at least one of the conductors 9 may be
replaced with at least one organic molecule. In other

words, at least one of the electrodes in the pair of



ferroelectric material has a Curie tenperature of about 23C to, about 4 90C
" B J UL 2003 48 10. The menory device according to claim} § wmﬂtqgg$$
voltage required to switch a dipole of the ferroelectric material is a
100 mV to about 10000 nV. 11. The nmenory device according to claiml,
wherein a voltage required to read the nmenory device by neasuring tunneling
current resulting fromapplication of the read voltage across the pair of
conductors is less than the zoltage required to switch a dipole of the
ferroelectric material. 12. The nennrxadevice according to claim1, wherein
d

a voltage required to read the nmenory

evi ce by measuring tunneling current

resulting fromapplication of the read voltage across the pair of

conduct or sei sct £58e 4 han \ahadt canenhal § . of e peckbagecsequitiecht o switch a
di pole of the ferroelectric material. 13. The nenory device according to

claiml, whernetnoge V&ldage meqeicned. t orgeash ide riemaye 88yl Gei oy measuri ng

tunnel ing current

resulting fromapplication of the read voltage across the

pair of copductlots dspdLsed Banwabauthd bfbnic mol8cdGe;any tire 14. The
menory device according to claim1l, further conprising:

other of the electrodes. The ferroelectric material would

be arranged between the organic molecule and the other of

the electrodes.

The ferroelectric material may be arranged on the at

least one organic molecule. 2Along these lines, the

ferroelectric material may be attached, such as by bonding

or otherwise to the at least one organic molecule. An

electrically conducting material may also be attached to the

at least one organic mclecule to provide the conductive

nature to the organic molecule to provide the function as

the conductor 9 in the embodiment illustrated in Fig. 4, for

example.

The at least one organic molecule may include at least

one oligomer attached to at least one location on the at

least one organic molecule. The at least one oligomer may

be included in a monolayer of oligomers attached to at least

one portion of the at least one organic molecule.



dielectric material having a dielectric constant of about 1 to about 10
surroundi ng the pair of conductors and the ferroelectric nat ﬁaFHA&S 6§
menory devi ce according to claim 14, wherein the dielectric ma 20
includes at | east one nmaterial selected fromthe group consisting of air,
Si 3Ng, alumna and SiOz. 16. The nenory device according to claiml,
wherein the ferroelectric material has a thickness of |ess than about 10
nm 17. The nmenory device according to claim1, wherein a remmant

pol ari zation is capable of being indug dinthe ferroelectric material by
applying a bias voltage between the palr of conductors, the bias voltage
being sufficient to produce an electric field higher than a coercive field

of the ferroel ecd rine At eehdt. ond%organik dhotebu2d03s 0 M mbiedsmmry

devi ce according to claim1?, wherein a remmant pol arization is capabl e of
bei ng i nduged A Inecalcuheahbngbappl @ik dur iddgbappst catdan ofriche bi as

vol tage. 19. The nenory device according to claim 17, wherein the remant
pol ari zat i @bdsineapaklieuet rbeeagin eveysed hyirehangi nthdhelsd gn of the bias
vol t age between the conductors. 20. The nenory device according to claim
17, wher eidoidthe: wil d-agedr eMer sbhged he, r emrantiipgl &o i diad |cmrrapy,esert s a
wite bias voltage. 21. The nenory device according to claim1l, wherein

the tunnelimwg cdirv-enta.i sHBlghe Whedh § havy ard ol & ageyirsy aty palgalhele to a
remmant pol arization induced in the ferroelectric material by applying a

bi as vol t age hejaeen f/tl&% Rk [ 1 98 g CONMICEIS £ 022he THE SBIOMALSMICE,
according to claim1l wher ei n

In other words, the DNA may be subjectively selected.

The at least one DNA molecule may include at least ons
R-loop. Typically, the at least one R-loop 1s formed over
at least one of the conductors, such as conductors 11, thaz

the at least one DNA molecule is arranged over.

As stated above, the DNA molecule that may be included
in a structure according to the present invention may
include an R~loop. Description of R-loops may be found in
Asai and Kogoma, D-Loops and R-Loops: Alternative
Mechanisms for the Initiation of Chromosome Replication in
Escherichia coli, JOURNAL OF BACTERIOLOGY, Apr. 1994, pp.
1807-1812; Landgraf et al., R-loop stability as a function
of RNA structure and size, NUCLEIC ACIDS RESEARCH, 1995, Vol

23, No. 7, pp. 3516-3523; Landgraf et al., Double stranded



the tunneling current is |ow when the read voltage is parallgl t remant
‘pol arization induced in the ferroelectric material by applyiﬁdsaﬁﬂia2003
vol tage between , the pair of conductors. .1$ J~~ ZOG, 51 23. The nenory
devi ce according to claim1, wherein the organic nol ecul e includes at | east
one DNA nol ecul e. 24. The nenory device according to claim 23, wherein the
organi c nol ecule further includes at |east one oligoner attached to at

| east one | ocation on the at | east one DNA nol ecul e. 25. The nmenory device
according to claim 23, wherein the organic nolecule further includes a
monol ayer of oligomers attached to atld east a portion of the at |east one
DNA nol ecul e. 26. The nenory device according to claiml1, wherein the at

| east one DNAJIRIEUH @nias d0ubtegst s Anded ifhenca-8pacts 2003 B2 ncl udes at

| east one R-1oop, the nenory device further
formation, NUCLEIC ACIDS RESEARCH, 1995, Vol 23, No. 7, pp.

3524-3530; and Masai and Arai, Mechanisms of primer RNA
synthesis and D-loop/R-loop dependent DNA replication in
Escherichia coli, BIOCHEMIE (1996) 78, pp. 1109-1117, the
entire contents of all of which are hereby incorporated by

reference.

As described below in greater detail, the R-loop may
function to provide a site for the attachment of the
nanoparticle(s) to the DNA molecule. Each R-loop may
include at least one nancoparticle bonded to a portion of the
DNA within the R-loop. In addition to including more than
one R-loop, more than one nanoparticle could be attached to
a portion of the DNA molecule within each R-loop. Steps for
attaching the nanoparticle(s) to the R-loop are discussed

below in greater detail.

The R-loops may be formed according to any known
technique for forming R-loops, such as those disclosed in
the above-references scientific literature articles. At
least one RNA molecule having a sequence complementary to at

least one portion of the DNA molecule may be utilized in



.conprising: at |east one chenical noiety attached to at Ieasa one

nucl eotide in the at | east one R-|loop, wherein the at | east 1 ‘
noi ety Includes the ferroelectric material. 27 ~ The nenory dgtf%gtﬁggﬂa
according to claim 26, wherein the at | east one chemcal noiety is attached
to at | east one selected nucleotide in the at |east one R loop. 2% . The
menory device according to claim2g, wherein the at |east one chem ca
noiety is attached to the at | east one nucleotide in the at |east one

R-1 oop by at |east one hydrogen bond. 29 . The nenory device according to
claim?27, wherein the at | east one che®cal noiety is attached to the at

| east one nucleotide in the at |east one R-1oop by at | east one coval ent

bond. 30 ﬂ%%%dﬁ%BNT%fd%KECR~§GS$fdiﬁ@ 4 tdakpbes, whergin ddheah d east one
chemi cal noiety is attached to the at | east one nucleotide in the at |east

Ong R-1 ogg}\) 'giguatudeea\%treoeﬁahygﬁ@gm&gﬂd @hedk rheast e valgnt bond.

one RNA molecule may be utilized to form R-loops in the DNA
molecule. Each RNA molecule may have a sequence

complementary to a different sequence of the DNA molecule.

The sequence of the RNA molecule may be controlled to
control where the R-lcop(s) is{are) created. For example,
if the DNA molecule is to include one R-loop and the R-loop
is to be centrally located in the DNA moclecule, the RNA
molecule may have a sequence complementary to a seguence of
the DNA molecule such that the RNA molecule will be
substantially centered on the DNA molecule, equidistant from
the ends of the DNA molecule upon formation of the R-loop.
The DNA molecule may have any sequence that permits
formation of a desired number of R-loops in desired

location{(s).

The sequence of the RNA molecule that may be utilized
in forming the R-loop(s) may vary, depending upon the
positioning of the DNA molecule relative to an electrode
that may lie under the DNA molecule. Along these lines, the

RNA molecule may have a sequence such that the R-loop may be



.31. The nenory device according to claim 26, wherein. the at Ieast one
chem cal noiety includes at | east one nucl eotide. 32. The ne By %@3
according to claim 26, wherein the at | east one chem cal noiety Inc

| east two different noieties. J 33. The nenory device according to claim
32, wherein at |east one of the noieties is capable of bonding to the at

| east one nucleotide in the at |east one R-1oop. 34. The nenory device
according to claim 26, wherein the at | east one chem cal noiety includes at
| east one acid and at |east one alcoh@lF. .35. The menory device according
to claim 26, wherein the at | east one chemcal noiety is attached to at

| east one am de group on the at | east one DNA nolecule within the R-Ioop.
(~ 8 J U Lp26908i&deBbovetheamenoikyd vileyi €k @cearedi ng £t ohel ares&d; ~~~~herein
the at | east one chem cal noiety includes two nucl eotides. 37. The nenory
devi ce accondemgisém olaliudedl mowmeekkan ¢oie RtldogashdonbecRehvcps emilety

i ncl udes guani ne and cytosine or thym ne and adeni ne. 38. The nenory device
accordi ng dveclyian 26 emtherds, n thheREA hebstulewe uthénizedl inofetyinagcl udes at
| east one nanoparticle attached to at |east one nucleotide within the

R-1 oop, theheaarRobaops ctay preond dengetbes farcioelhedt the Rateopal wiBD.bghe
menory device according to claim 38, wherein the at | east one nanoparticle
has a maxi posi i dibdd ofvdedhe hadeabputg 19l ephrof®s, Thecheanr yheevi ce
according to claim 26, wherein the DNA is ~,-DNA. 41. The nenory device
accordi ng ebectod@de 26l 1 wviltertdien embodiment illustrated in Figs. 5-7.

The length of the R-loop may vary, depending upon the
embodiment. According to one example, the length of the
R-1loop, in other words the number of nucleotide bases on the
DNA molecule that the at least one R-loop occuples, may
depend upon the width of the conductors or electrodes 11
arranged under the DNA molecule where the R-loop is formed.
According to one example, the RNA 15 forming the R-loop may
be about 10 to about 1,500 bases long. This corresponds to
a length of about 3 to about 500 nm. Typically, the R-loop
forming RNA has a length of about 30 to about 300 bases,

corresponding to a length of about 10 to about 100 nm.

The ferroelectric material may be attached to the DNA
molecule within the R-loop. According to such embodiments,

the ferroelectric material typically is attached to the



RNA form ng the R-1oop has a |l ength of about 10 to about 1500 bases. ~
"J UL 2003 SS 42. The nenory device according to claim 26~ ~ ~8 Jng
formng the R 1oop has a I ength of about 30 to about 300 bas€st

menory devi ce according to claim26, wherein RNA formng the R1oop has a
| engt h of about 3 nmto about 500 nm 44. The nmenory device according to
claim 26, wherein RNA formng the R 1oop has a |length of about 10 nmto
about 100 nm 45. The nenory device according to claim1, further
conprising: a plurality of first parabgel conductors extending on a
substrate in a first direction. 46. The nmenory device according to claim
45, further conprising: a plurality of second parallel conductors

over | appi g, Ahef ifrstneapgh | fd1 LANAUGHLOk S XL ensh Nch A ithe subghiake, and

the first parallel conductors in a second direction ~8J UL 2fl 0~ 56
per pendi cul AreHO RLh%oFl EStmPy atlzeliconductors, ~~, ~herein the
ferroelectric material is arranged between the flrst paral l el conductors

and the second parallel conductors. 47. The nmenory device according to
claim46, further conprising: an adhesion | ayer between the substrate and

the first paraldtelicgendyss ofiseraich it he i8@GOREy P add €lcreenductker s where the
first parallel conductors and the second parallel conductors overlap the
substrate.least one nucleotide in the at least one R-loop. The at

least one chemical meciety may include the ferroelectric

material. The at least one chemical moiety may be attached

to the DNA molecule within the R-loop by at least one

hydrogen bond and/or at least one covalent bond.

The nature of the at least one chemical moiety attached
to the organic molecule may vary from embodiment tc
embodiment. According to one embodiment, the at least one
chemical moiety includes at least one nucleotide. According
to some embodiments, the at least one chemical moiéty may
include a plurality of chemical moieties. At least one of
the moieties typically is capable of bonding to at least one
nucleotide in the at least one R-loop. According to some
embodiments, the at least one chemical moiety includes at

least one acid group and at least one alcohol group.

The at least one chemical moiety may additionally or

alternatively be attached to at least one amide group on the



' 48, The nenory device according to claim47, wherein the adhesion |ayer

i ncludes at | east one netal selected fromthe group consistinﬁ f
Ti. 49. The nmenory device according to claim46, wherein the sggéuggtgnﬂg

gl ass or ceramc. 50. The nenory device according to claim46, wherein the
first parallel conductors and the second parallel conductors have a wi dth
of about 50 nmto about 5000 nm ~ 8 ~~~ Z0o03 S7 51. The nenory device
according to claim46, wherein the first parallel conductors are separated
from each other by a distance of abouwt 50 nmto about 5000 nm and the
second parallel conductors are separated fromeach other L~y a distance cf
about 50 nmto about 5000 nm 52. The nenory device according to claim45,

wher ei n t her flid=sit pakabhgl meoserd GrighanetegurRdyséant frmemaeagkagther. 53.
The nenory device according to claim46, wherein the second parall el

conduct or sorad ereguicdil shankt §reay eacd1 wleheto bdcldheidmmyonddevicee accordi ng
to claim45, further conprising: a double stranded DNA nol ecul e ext endi ng
across a plwy aludlpoefidebeohi fisd mumndisakense &hen DNAm®IRAW .i nechedi ng an
R-1 oop above a plurality of the first conductors and at |east one chem cal
noi ety attaehewdllceudesl eas8lu@® in the chemical moiety and include

guanine and cytosine or thymine and adenine.

As stated The chemical moiety may include a
nanoparticle. The nanoparticle may include the
ferroelectric material. The nanoparticle may have a maximum

width of less than about 10 nm.

The at least one chemical moiety may include at least
one nanoparticle. To facilitate bonding of the nanoparticle
to the organic structure, the nanoparticle may include one
or more atoms or chemical groups attached to the
nanoparticle. By attaching one or more such atoms or

groups, the nanoparticle may be "functionalized".

In the case where the organic structure includes a DNA
molecule, at least one nucleotide may be attached to the
nanoparticle. The at least one nucleotide attached to the
nanoparticle typically is complementary to at least one

nucleotide within the R-loop of the DNA molecule on the



nucl eotide in a plurality of the R-Ioops. ~SJ UL 2003 58 . [ﬂf
nmenory device according to claimb54, wherein the chem cal nDiJ?BGJ 62003

attached to at | east one selected nucleotide in the R-1oops. 56. The nenory
devi ce according to claimb54, wherein the chem cal noieties are attached to
the at | east one nucleotide in the R-1oops by at | east one bond sel ected
fromthe group consisting of hydrogen bonds and coval ent bonds. 57. The
menory devi ce according to claimb54, wherein the chem cal noieties include
at least one nucleotide. 58. The mentd¥y device according to claimb54,
whereir_ the chem cal noieties include at |east two different noieties. 59.

The memdr . dexl ge seagedkngole chal 1Sty aherel . stl apsic ane of the

noi eti es i's capable of "bon e At I east “one nucleotide in the

R-1 oops. . Vi or.dj o.claj e] cheni cal

noi eti es ﬁ%§V%%§ng§n?éésggé%%g%g§%I%ﬁﬁ#&%éalégs?hgkggéﬁéggﬁﬁ%ﬂ% %@Sé J U~

2003 59 61y ey TRIDN ¥ hdeUL G RCE S AING tD%AC!néw&éﬂe WMerdldbe it is
desired that the nanoparticle attach to the DNA molecule.

The nanoparticle and the attachment of the nanoparticle to

the DNA molecule are discussed above in greater detail.

The nanoparticle may attach to the portion of the DNA
molecule anywhere within the R-loop. According to one
embodiment, the nanoparticle attaches to the DNA about in
the center of the portion that lies within the R-loop.
Therefore, the location of the nanoparticle may depend upon
the location of the R-loop. For example, the nanoparticle may
be attached to the DNA molecule midway between the ends of
the DNA molecule if the DNA molecule includes one R-loop

substantially in the center of the DNA molecule.

Regardless of whether the present invention includes an
organic molecule as in the embodiments illustrated in Figs.
5 through 7 or typical lithographically defined conductors
as in tﬁe embodiment illustrated in Figs. 3d and 4, the
present invention typically is formed on a substrate.

Examples of substrates that the present invention may be



the chem cal noieties are attached to at | east one ami de group on the at
| east one DNA nolecule within the R-loops. 62. The nenory devi ce accordi ng
to claimb54, wherein the chem cal npieties each include two nucl eoti des.
63. The nenory device according to claimb54, wherein the chem cal noiekies
each include guanine and cytosine or thym ne and adeni ne. 64. The nenn'ﬁ‘JU%
devi ce according to claimb54, wherein the chem cal noieties include at ZY
| east one nanopartiehg pttached to at |east ong nucleotide within the
R-1 oops, the nanoparticC éppmoybg'ng the ferroefkctric material. 65. The
menory devi ce accanggqg to clal Mk gsherein the at | east one nanoparticle
has a maxi mum wi dth of "1&&si4jhan about Seﬁn@nd/d}_S ~~~ 2003 60 66. The
menmory device according to clai M'S4aaherein the DRRMas; s, - DNA. 67. The
menory devi ce according to claimb54, wh F%ﬁﬁ,F@%Lé{gwﬁ ng fheERahgggshgg a

a

| engt h of about 10 tguabout 1500 bases.
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.0$%. The nenory device according to claimb54, wherein RNA form the R-1o00p
has a | ength of about 30 to about 300 bases. 6g. The nenory déﬁgcﬁ[j# qu%
according to claimb54, wherein RNA formng the R loop has a | ength of ‘about
3 nmto about 500 nm 70. The menory device according to claimb54, wherein
RNA form ng the R-1oop has a |l ength of about 10 nmto about 100 nm 71. The
menory device according to claimb54, wherein the DNA nol ecul e i ncl udes ends
anchored to two of the conductors, the nenory device further conprising:

18 J UL 2003 61 an organic nol ecul e bonded to a surface of the conductors
that the DNA nolecule is anchored to. 32. The menory de-ice according to
claim 71, wherein the DNA ntlecul e inc-udes sticky ends anchored to the

anchori ng conuetRss £34 @'h@lma»teqe%cmgg.cowimt@ &b aim72, wherein
t he organi c nol ecul e bonded to the surface of the conductors that the DNA

ol ecul e 1S RAENY@A150ah8 DNAnd brghe cMRBRE Yy eV ££ ACCH A A0 claim
73~ wherein the DNA nol ecul e bonded to the surface of the conductors

such as those illustrated in Figs. 5 through 7, may be
separated from each other by a distance of about 50 nm to
about 5,000 nm. Additionally, each of the types of the

conductors may have a width of about 50 nm to about 5,000

nm.

Additionally, the conductors of each type may be
parallel to each other. For example, all of the conductors
5 may be parallel to each other or all of the conductors 9
may be parallel to each other. The conductors of one type
may also be arranged equidistantly from each other.
Alternatively, all of the conductors of one type may not be

the same distance from other conductors of the same type.

The organic molecule, or, more alternatively, organic
structure, may be connected to electrodes on the surface of
a substrate, such as electrode 10 in the embodiment
illustrated in Fig. 5. The electrodes are described above
in greater detail. The connection may be effected in a

variety of ways. For example, the connection may be carried



that the DNA nolecule is anchored to is sulfur term nated and single
‘stranded. 75. The nenory device according to claim 73, mherein1?p§”gﬁf2003
nol ecul e bonded to a first of the anchoring conductors has a differ
sequence than the DNA nol ecul e bonded to a second of the conductors. IV
VW. ~.,... 62 76. The nmenory device according to clain 73, wherein the
DNA nol ecul es bonded to the anchoring conductors include fromabout five to
about twenty base pairs. 77. The nmenory de~.~ice according to claim 73,
wherein the DNA nol ecul e extendi ng befween the anchoring conductors

i ncludes sticky ends that hybridize %th the DNA nol ecul es bonded to the
surface of the anchoring conductors. 7$. The nenory device according to

clai m 54, [yrther, COMIS ng:.ancadhiesi of. ALonRLer LT ppged; befyeen the

R-1 oops an e’ con orws. e nmenory device accordi ng aim 78,

wher ei n th@tﬁ@@@@f@ﬂmﬁ}QﬂPEﬁEaE?eé ppl ecul e that includes a sulfur atom for
e at

contacting t conductors a first end and an OH group for contacting the
DNA nol ecul e at a second end. $0. The nmenory device according to claim 71,
wherein the anchoring conductors are made of gold or a gol d-containing

al | oy. The attachment sites may be provided by a variety of
structure. For example, one or more atoms or molecules may
be provided on one or more of the electrodes. According to
one example, at least one organic molecule is provided on at
least one of the electrodes. The organic molecule could be

bonded to the surface of the electrode(s).

According to one example, in which the organic
structure includes a DNA molecule extending between the
electrodes 10, at least one DNA and/or RNA molecule may be
attached to the electrodes 10 shown in Fig. 5. In the case
where the organic structure includes DNA, typically, DNA is
provided on the electrodes 10. The DNA may be provided on

the electrodes in a variety of ways.

According to one example, the DNA is bonded to an atom
or molecule that facilitates its connection to the
electrodes. For example, the DNA could be sulfur

terminated. The sulfur terminated ends could attach to the



~SJ U~ 2nay 63 81. The nenory device according to claiml ther
‘conprising: an electrically conducting nmaterial on the organll EQUB
ext endi na between the first electrode and the second el ectrode. 82 T
menory device according to claim23, further conprising: an electrically
conducting material on the DNA nol ecule. 83. The nenory device according to
claim 26, further conprising: an electrically conducting nmaterial on the
DNA nol ecul e. $4. The menory device according to claim83, wherein the
electrically conducting material includes silver ions bonded to phosphate
groups of the DNA nol ecule. 85. The nerfary device according to claim 83,
wherein the electrically conducting material includes netallic silver on

the DNA ”DIFSEE' Ee of Tthe d e@@@?r% 86. ﬂheism%g‘fftykf?&%c&%cé)rd' ng to

1
claim78 urther conpri ong east one chem cal nore ached to the

nanopart|ctgrﬁpﬁaggygkﬁ%o thasngagRat '§hﬁ>%955@% QQA nDIecuIe wherein the

adhesi on pronoter an | east one chemTa nnlety or attaching the
nanoparticle to the DNA form a tunneling gap.

The DNA molecule extending between the electrodes 10
may bond to the DNA and/or RNA on the electrodes. For
example, both the DNA mclecule that is to extend between two
electrodes and the DNA molecule(s), as in the above example,
attached to the electrodes could have a single stranded
portion. The single stranded portions on the DNA molecule
that is to extend between the electrodes and the DNA
molecule(s) attached to the electrodes may have
complementary ends to facilitate their bonding to each

other.

According to one embodiment, the DNA that is attached
to the electrodes is single stranded, sulfur terminated DNA.
Regardless of whether single or double stranded DNA or RNA
is bonded to the electrodes, the DNA and/or RNA may include
from about 30 to about 30,000 bases. However, the DNA may
be as long as about 10,000 base pairs and the RNA molecules

could include about 40 bases.



87. The nenory device according to claimb54, further conprising: an

"electrically conducting material on the DNA nol ecul e. 88. The1
according to claim87, wherein the electrically conducting mat

i ncl udes silver ions bonded to phosphate groups of the DNA nol ecul e.
The nmenory device according to claim87, wherein the electrically
conducting material includes netallic silver on the DNA nol ecul e.
~ Z003 65 90, The nenory device according to claimb54, wherein the first

parall e

conductors are equidistant fromeach other. 91. The nenory

FiaPL ;?'Qﬂf )

~~UuUu

devi ce

according to claimb54, wherein the DNA3smol ecul e i s perpendicular to the
first parallel conductors. 92. A nethod for form ng a nenory device,

t hod i sing:. ! _ ho ' :
Conduct or o on AiEeETAtED” P ot i n a TorPeeP €8 AV PR 1

pair of Coﬁ%a%roszDNtAh%rpﬁkkl fb1 sapduct

sufficient to permit a funneling curren

ng a electric materi a

er ebet ween;

| east one Qroac Il BcukRaeE 20diNG, heterndt be pal fo afc canguater s,

wherein the

erroelectric ' - material 1s attac
may have a different sequence of bases than the DNA and/or

RNA molecules attached to the other of the electrodes 10.
Alternatively, a portion of the DNA and/or RNA molecules
that the DNA that is to extend between the electrodes may
have a different sequence, rather than the entire DNA and/or

RNA molecules.

According to an embodiment in which DNA molecules are
attached to the electrodes and the DNA molecules include a
sequence of bases to bond to the DNA molecule that is to
extend from between the electrodes 10, the DNA molecule that
is to extend between the electrodes may include "sticky
ends" that have a sequence of bases that is complementary to

the DNA attached to the electrodes.

Fig. 8 illustrates an empodiment of a DNA molecule 21
that is to extend between the electrodes 10. Fig. 8 only
illustrates one electrode 11 between electrodes 10 to ease

understanding of this aspect of the invention. The DNA

t he

of,.,spaced apart
ﬁ%%%meen t he

s pBRng paced apart. gl stance

providi'ng at

to the organic nol ecul e.



93. The nethod according to claim92, further conprising the e
tfétLgUl@

" providing
provi di ng

J UL Z003 66 94. The nethod according to claim93, wherein the pIurallty

of spaced

conductors and a plurality of second parall el

the first

wherein portions of the second conductors overlap portions of the first
96. The method according td6claim 95, wherein the ferroelectric
material is deposited in regions where the first conductors overlap t he

conductors.

a plurality of spaced apart conductors on the subs
ferroelectric material between the spaced apart conductors

apart conductors includes a plurality of first parallel

paral | el conductors. 95, The nethod according to claim 94,

conductors perpendicular to

~ 8

second COMMELALS A7, ThRCR! U0 o0EALe) T e chalnndd, hergln e method

further conprises prOV|d|ng

dhd SN o sa)é% 8?0913&95&{ ahe RLevLd ' B a% A T3t JYRhal lic

otoreS|st on t he

provi di ng
| ayer on t
first

he conductors Aacc |ng to steps of :

esion Tayér; “fornng a first Iayer

After constructing or otherwise obtaining the DNA
molecules to be attached to the electrodes 10 they may be
attached to the electrodes. A solution may be formed, that
the DNA molecules are to be added to. First, an agqueous
sclution of a salt is formed. One Example of a salt is
sodium chloride. Each DNA molecule, where a different
molecule is to be attached to each electrode 10, may then be

added to the solutions.

After format-on of the solutions, a quantity 43 of one
solution may be placed on the one electrode 10 and a
quantity 45 of the other solution may be placed on the other
electrode 10. Which solution is placed on which electrode
may depend upon how it is desired that the DNA molecule that
is to extend between the electrodes is to be oriented. The
quantity of the solution deposited on each electrode may
depend upon the concentration of the DNA, RNA, and/or other

molecule that is in the solutions.



metallic | ayer; exposing the first photoresist |ayer; devel opi t first
phot oresi st | ayer; ~ 8 ~~L 20 67 etching the first netalligPBagz}La2@U3
t he adhesion layer to formthe first parallel conductors; stripping the
first photoresist layer; providing a |ayer of ferroelectric material on
remai ning portions of the etched first netallic |ayer and the substrate
exposed by etching of the first netallic |ayer and the adhesion | ayer;

provi ding a second netallic layer on the |layer of ferroelectric material;
provi ding a second | ayer of photoresist; exposing the second phot oresi st

| ayer; devel opi ng the second photoresisg7layer; etching the second netallic
| ayer; and stripping the second photoresist |ayer. 98. The nethod accordi ng

to claim94, wherglRelhi§ingoNMIChU R §:0t89Y) digtandd i SpRFEd r@part. 99,
The met hod according to claim94, wherein second conductors are

equi di st andd ¥, tRacedsapapbrt 400, e dT8iNodaceRs dh Atidd Kdraidwnd4, wherein
the substrate is glass or ceramc. ~ 8~ ~1L 208 68

electrodes 10 should form. The concentration of volume

typically is secondary. A flowing solution could also be

utilized.

After applicaticn of solutions to the electrodes to
deposit the desired rolecules on the electrodes, the
solutions may pbe removed. Typically, the solutions are
permitted to remain on the electrodes for a time sufficient
for a number of molecule to be attached to the electrodes to
facilitate the attachment of the organic structure between

the two electrodes. Typically, the solutions remain for a

time of about 10 minutes to about 20 minutes.

Removal of the solution may be carried out in a number
of ways. For example, the solution may be washed off. For
example, water could be utilized to wash the solution off.
Typically, the solution is washed off with a liquid that
does not include any moieties that attach to -5-Au bonds.
Alternatively, the solution could be permitted to dry with
our without the application of heat. According to one

example, an air gun could be utilized.



101. The nethod according to claim97, wherein the adhesion 1zgigj's Cr or
Ti. 102. The nmethod according to claim92, wherein the condu Lréﬂﬂﬂde
fromat |east one netal selected fromthe group consisting of Cu, Ag, Al,
Au, and alloys thereof. 103. The ne~hod according to claim94, wherein the
first parallel conductors and the second parallel conductors are forned
about 50 nmto about 5000 nmw de. 104. The nethod according to cl ai m 94,
wherein the first parallel conductors are formed separated from each ot her
by a di stance of about 50 nmto about 5000 nm and the second parallel
conductors are formed separated from ggch other by a distance of about 50
nmto about 5000 nm 105. The nethod according to claim92, wherein the

conductors are r n h inf o] y nce of
conduct ors are £ eth Sohaiakegogn s heriaaniale dor epbbonpyagd stdnce o

clai m 92, wher by g sanduckRLs Bl ech ot separat edrbinas bes troat el

dlrectlon by a distance of about nmto about 30 nm 107. The net hod
according tg ¢hai M &2 ~herein the conductors are forned in one plane. 108.
The met hod according to claim92, wherein the conductors are forned
separated in a vertical direction by a distance of fromabout O nmto abut
10 nrn.

After attachment of the anchoring molecules to the
electrodes, the structure that is to extend between the
electrodes 10 may be applied to the structure, such as
illustrated in Fig. 10. In the case where the organic
structure includes DNA, the DNA may be applied to the
substrate over the electrodes and space between the
electrodes. The organic structure could be applied in a
solution. One method for creating a DNA bridge between
electrodes is disclosed in Braun et al., DNA-templated
assembly and electrode attachment of a conducting silver
wire, Nature, Vol. 391, pp.775-777, February 19, 1998, the
entire contents of which is hereby incorporated by

reference.

After application of the DNA molecule{s), the ones that
are to extend between the electrodes, to the substrate and
electrodes they may bond to an organic structure, such: as
anchoring molecules, attached to the electrodes. To promote

a desired orientation of the DNA molecules with respect to



109. The nethod according to claim92, o~herein providing thﬁ ferroelectric
mat eri al includes providing at |east one ferroelectric cryst 8 t“d&w%@UBhe
pair of conductors. 110 . The nmethod according to claim92, wherein
providing the ferroelectric material includes providing at |east one
material selected fromthe group consisting of bariumtitanate, |ead
titanate, potassiumniobiate, tri-glycine sul phate, rochell salt, and | ead
i ron niobiate. ~ 8 UUL 200e 111. The nmethod according to claim92,
v~herein the ferroelectric material ha¥% a Curie tenperature of abe~at 23 C
to about 990C. 112, The nethod according to claim92, wherein a voltage
required ttdeswiltects radgispehd ahchdrel femodelcaderi cswalt exd dlhd LNdbout 100 nv
to about 10000 nV. 113. The nethod according to claim92, wherein a voltage
required taegaddacheboysor yhdeViettint msagor ergebdnpeivigarn durer ent resul ting
fromapplication of the read voltage across the pair of conductors is |ess
t han t he wladgedesquiavedet subinv tiedd & aiqeoldé topns hehdtertravel dot =ildgmt eri al .
114. The net hod according to claim92, wherein a voltage required to read

t he menor ytlgevi c&higy cordstit Phg okl ingg ugler sehi eeebud thilvey DPom appl i cati on
of the read voltage across the pair of conductors is |ess than about one
-hal f of ttelamliteggdor éguErédctd ania dioy dilpéfie off tae Heriedel datric

mat eri al . 18 JUL 2003 71 115. The nethod according to claim 92, wherein a
vol t age retfuirig®d o ifeB@Yt RE REMDr3PUEvilde By ahRasurithg’ t@hnelG™hg current
resulting fromapplication of the read vqlta%e across the pair_ of
conduct or sth& 9SS 138A abbut 1bomEiels PheTaet Red At dEHdiFTy 5™l ai m 92,

further
about 1 to about 100 cm/sec.

Encouraging the DNA to align in a particular manner
helps to ensure that at least one of the DNA molecules will
extend between the electrodes. Typically, only one "DNA
bridge" 1s formed between the electrodes. Additionally,
typically, no DNA bridges will extend outside of the region

where the DNA bridge is shown in Fig. 11.

To facilitate formation of the DNA bridge(s), a
fluorescent dye may be utilized to tag the DNA. The
experiment is done under a microscope. As soon as one
bridge is formed, the solution containing the DNA may be

purged from the area of the electrodes.



conprising the step of: providing dielectric material having a dielectric
‘constant of about 1 to about 10 surrounding the pair of conducjors and the
ferroelectric material. 117. The nmethod according to claircn 1 inﬂ§L$ZDU
the dielectric material includes at |east one material selected from 3
group consisting of air, SIN, alumna and Sioz. 118 . The nethod according
to claim92, wherein the ferroelectric material has a thickness of |ess

t han about 10 nm 119. The method according to claim 92, wherein a remant
pol ari zation is capable of being induced in the ferroelectric material by
appl ying a bias voltage between the pgir of | i r ~8J UL 2003 72
conductors, the bias voltage being sufficient to produce an electric field

hi gher th ive field of the f lectric material . 120. t hod
acaor di ng 1o ol AMHSS.haPa: - ahereit ol G0 PEALT orid <, cipdBle DR bei ng.

i nduced by Iﬁcal hg@ﬁj%% %Eghied ﬂfrinqaaﬁPIiCﬁt%onnof t he biagfvoltage.
121. The nBYhod Hecdordishg cFBi ht999.° WePEPR {he" rEhnant & i zation is
capabl e of geig%¥%§%%&seglgé?ghgggiqg t he %%%n of the bhgs vol t age bet ween
the conductd¥sS °Fh hod® atCortH eV af M 419 "Wt ei n t he
vol tage reyefsing the remmapt poLarizathon [ 9REETEN Sa &ne

conductors. The adhesion promoter may be any material that

will encourage the DNA molecule to be immobilized on the

conductors. According to one example, the adhesion promoter

is a molecule that includes a sulfur atom at one end and a

OH group at a second end. The sulphur atom may contact and

bond to the conductors 11. On the other hand, the OH group

may contact a portion of the DNA molecule. Including a

sulphur molecule and adhesion promoter is especially useful

where the conductors/electrodes 11 include gold or a

gold-containing alloy.

After bonding of the DNA molecule{s) to the electrodes,
at least one R-loop may be formed in each DNA molecule that
forms a "bridge" between the electrodes. Typically, the
R-loop is formed in a region of the DNA molecules between
the electrodes 10 that is arranged over another electrode,
such as the electrode(s) 11 described above. The formation
of the R-loop is also described above. Fig. 5 illustrates a

DNA molecule 13 extending between the electrodes 10, wherein



wite bias voltage. 123 . The nethod according to claim113,
“tunneling current is high when the read voltage is antlparalle# ngQJL.ZOU”
remmant pol arization induced in the ferroelectric material by applying a

bi as vol tage between the pair of conductors. ~8J UL 2003 73 124 . The
met hod according to claim 113, wherein the tunneling current is |ow when
the read voltage is parallel ' to a remmant polarization induced in the
ferroelectric material by applying a bias voltage between the pair of
conductors. 125. The met hod according togcl aim92, wherein providing the
organi ¢ nol ecul e i ncludes extending at | east - one DNA nol ecul e between the
conductors. 126. The nethod according to claim 125, wherein providing the

or gani ¢ ”‘)EﬁéubﬁAfHéi&—‘%lé mqlda%%%sa%aaﬁbwap aﬁo Iﬁa%eoagg%hgefm{héo at
| east one | ocation on e at | east one DNA nol ecul e. . The et hod

accor di ng bgAc%@kg&&g§ung§ngﬁlqu%kgbgg {he organic nDIecuIe further
i ncludes attaching a ~ U L 2003 74 rnonol ayer of oligoners to at

| east a portion of the at Ieast one DNA nol ecul e. 128. The net hod accordi ng
to claim92, wherein the at | east one DNA nol ecul e i s double stranded, the

met hod further g@g@fiﬁ@f@bgﬁ&1Qﬁegaeoﬁ;lg@%ngpgéﬁi1@@@§toaﬂe R-1oop in the
DNA nol ecul e; and attaching at | east one chemcal noiety to at |east one °

- hucl eoti denbpathecad hepde YRR @6PLhyheiRinbihelat | gastegse chemi cal
noi ety includes the ferroelectric material.

one nanoparticle may be bonded to a portion of the DNA

molecule that lies within each R-~loop and that not attached

to the RNA molecule. To accomplish attachment of the

nanoparticle to the DNA molecule, a suspension of the

nancparticle may be formed. The suspension may include

nanoparticles with a modified surface, as described above.

The nanoparticles may be suspended in water at a

Q

concentration of about 0.1 % to about 10 $%.

After formation of the solution it may be dispensed in
a region over the R-loop. The promoter 17 attached to the
nanoparticle may then bond to the DNA within the R-loop.
Typically, about 1 to about 10000 nucleotides attach to the
nanoparticle to promote adhesion of the nanoparticle to the
DNA molecule. The nucleotide(s} attached to the
nanoparticle may be complementary to one or more nucleotides

- within the R-loop as described in greater detail above.



129. The nethod according to claim 128, wherein the at | east m~cal
‘moiety is attached to at |east one selected nucleotide in theqzra‘fti3 jc&sgbﬁae
R-1 oop. 130" The method according to cla m 128, wherein the at |east one
chemi cal noiety is attached to the at | east one nucleotide in the at |east
one R-loop with at |east one bond selected fromthe group consisting of
hydr ogen bonds and coval ent bonds. 131. The nethod according to claim 128,
wherein the at | east one chemical noiety includes at |east one nucl eoti de,
T 8 J UL 2003 ~s 132. The nethod according to claim 128, wherein the at

| east one chemnical nmoiety includes at 4%2ast two different noieties. 133.
The nmet hod according to claim 132, wherein at | east one of the noieties is
capabl e of bonding at - | t ucl eot | i he at_ | Qne
R-1 oop. | 34. ThgﬁmtsﬁﬁoJS %%c%fr dqﬁflczletogqglegi %nh1%8{1gﬁvﬁ#egr}eql%%tehtgogﬁ%?}éaép one
chem cal [ ' e 0 id a : |.cohol . . 135.
The net hoggaﬁ:\})ér h?%%g‘?gébﬁéaqém .eo\%ﬁgr%éi %ntﬂge gﬁar}oggaz%tl%gg gﬁ&m cal noiety
is attache I ' r n_.th t nol ecul e

W t hin theq‘ﬁéj?gg%.n %g]g& %Egt%qrﬂ%&%ggggsgi ﬁ% %gc?hgpfe%%ff%fﬁ\?he €in the at

| east one chemi cal noiety includes two nucl eotides. 137. The net hod
according to claim 131, wherein the at' |east one chem cal noiety includes

guani ne and cyt ggipe ?E;é&%@ﬁe AqradenhBgareic18(sh) Wd 2Q03nA6 138. The
met hod according to claim[28, wherein the at | east one chem cal noiety

i ncludes afycheast .0ng: danoRartd Gl pithached -t oo@ls | pstaone nucl eoti de
within the R 1oop, the nanoparticle providing the ferroelectric material.

139 The nethedtagel 8 Ngotfu&d AHdnk3@rivhergl od herdtidRash @R pNA
nanoparticle has a maxi mum w dth of |ess than about 10 nm
molecule. The electrically conducting material may include
any electrically conducting material. According to one
example, silver may form a salt with the c¢crganic structure.

Metallic silver may also be provided on the organic

structure.

Fig. 7 illustrates an example of the present invention
wherein electrically conducting material 18 is arranged on
both sides of the DNA molecule with the exception of a
portion of the DNA molecule including the R-loop where the
DNA molecule is adhered to the conductor/electrode 11. The
electrically conducting material on the DNA molecule can
include silver ions bonded to phosphate groups of the DNA
molecule. Alternatively and/or additionally, the
electrically conducting material may include metallic silver

bonded to the DNA molecule. When depositing silver on the



140. The nethod according to claim 128, wherein the DIJAis 71%- . 1§1.
" The 'met hod according to claim 128, wherein RNA form ng the R-|03§NQJL 003

| engt h of about 10 to about 1500 bases. _ 142. The nethod according to
claim 128, wherein RNA formng the R-1oop has a |l ength of about 30 to about
300 bases. r ~8J UL 2003 r |7 143. The nethod according to claim 128,
wherein RNA formng the R 1oop has a length of about 3 nmto about 500 nm
144. The net hod according to claim 128, wherein RNA form ng the R-|oop has
a length of about 10 nmto about 100 nm 145. The nethod according to claim
92, further conprising the step of: pddviding a plurality of first parallel
conductors extending on a substrate in a first direction. 146. The net hod

accordi ng o, %@ﬂé@dﬁ%’ tf“ﬁlrcte £F o GO SIN9, Eﬁgaéig&%c?]esorl%’,i 4jqg a

plurality of second para conductors overlapping the first parallel

conduct or s, gxt.ending %@eh*ﬂﬁ%aax%&'b&éﬂc?stﬁci%’ﬂd]pkh&Nré?tr?aﬂzrtaahiee' 1geduct or's

in a second direction perpendicular to the first para | conductors,

wherein the, fe1d aelieell | 6uBRESTL 8oy AkBggdoPeleRl, thgd first parallel
conductors and the second parallel conductors.
The Ag® lons form a salt with a phosphate ion in the

DNA backbone. In the double helix, the O of the phosphate

ions are evenly distributed around the double helix.

However, the density is about 50% lower in the strand

forming R-loop. Also, due to thermal vibration, as the Ag

ion is reduced to Ag on the R-loop, it will migrate to the

high density region, that is, the double helix region.

The electrically conducting material on the organic
structure provides a conductor on the organic structure. In
the case where the organic structure includes DNA, an R-loop
in the DNA and a nanoparticle attached to the DNA molecule
in the R-loop, the electrically conducting material on the
organic structure may provide a conductor to the two sides

of the R-loop on the DNA molecule.

The electrically conducting coating may be applied to
the organic structure by immersing the organic structure in

a solution that includes silver ions. The silver ions in



~ 8 J UL 2003 147. The nethod according to claim 146, furth ﬂZPrl i ng
*the step of: providing a | ayer of an adhesion materi al between L‘f
substrate and the first parallel conductors and the second parall el
conductors where the first parallel conductors and the second parall el
conductors overlap the substrate. 148. The nethod according to claim 147,
wherei n the adhesion | ayer includes at~l east one netal selected fromthe
group consisting of C and Ti. 149. The nethod according to claim 145,
wherein the substrate is glass or ceramc. 150. The method according to
cl aim 146, wherein the first parallel 4éonductors and the second parall el
conductors have a wi dth of about 50 nmto about 5000 nm 151. The nethod

according {a.claim 146, nahengln Ahe L Lot paraliel, conduet grsapre separat ed

from each other by a distance o nmto about t he

second paraklgl pgdug%rgr&@rc%s%e@@ggagrté ;&g@ﬁﬁ@ SLAEk ,hY ilaghﬁ&égce of

about 50 nmto a out 0 nm 79 The nethod according to

cl ai m 145, er r | Le gui a m each
ther 155" he ot od Soasrd et 6 T e 1ab e e e the Bsognd. 2

pa-rall el eqpdyciors are-eau distant : bronr eacds of hehe 134 cFhennmefhod
according to claim 145, further conprising the steps of : extending a double

st randed Dglélevﬂng%uNﬂaA@ ALd sy aPhahity of1¢de Jfidhsta cendughgrs; form ng
an R-loop in the nol ecul e above a plurality of the first conductors;

and agent. FExamples of reducing agents that may be utilized

include hydrogquinone/CH followed by hydroguinone/OH*.

Deposition of the ferroelectric material in the
embodiment illustrated in Figs. 3d and 4 may be carried out
by post-laser deposition (PLD). Post laser deposition is a
method where a layer by layer deposition of wvarious chemical
moileties of each element may be performed. Stoichiometry of
the post-laser deposition may be controlled by ablating a
calibrated amount of material from the target of each
element. Although the method illustrated in Figs. 3a
through 3d is one method to form a structure according to
the present invention, alternative methods may utilize
standard "lift-off" methods where photoresist acts as a mask
to deposit metal lines directly. Lift-off may permit a
higher resolution to be achieved. However, utilizing a
lift-off method may be more complex than the standard

photolithographic method illustrated in Figs. 3a through 3d.



attaching at | east one chemcal noiety to at |east one nucleot?dkhﬁzéa -
plurality of the R-loops. 155. The nethod according to claim 154, gﬂ&ﬁ
the _ chemical noieties are attached to at | east one selected nucleotide in
the R-loops. 156. The nethod according to claim 154 wherein the chem cal

noi eties are attached to the at | east one ~ 8 J UL 2003 80 nucleotide in
the R-1oops by at |east one bond sel ected fromthe group consisting of

hydr ogen bonds and coval ent bonds. 157. The nethod according to claim 154,
wherein the chem cal noieties include at |east one nucl eotide. 158. The

met hod according to claim 154, whereigsthe chem cal noieties include at

| east two different noieties. 159. The nethod according to cl aim 158,
wherein at | east one of the noireties is capable of bonding to the at |east
one nucleotide in the R 1oops. 160. The nethod according to claiml58,
wherein the cheﬁ?%afo¥ﬁﬂQﬂﬂ9e§e§ﬁéPBHéo%IOﬁéﬁ§tl@H@“ééPH 2htUAET2e23t one

al cohol. 161. The net hod accordlng to claim 154, wherein the chem cal

noi eti es aP8dafifachEort d-hft Pressth tohevemi e - gr@GﬁléhOPﬁé Wt Fst one DNA
mol ecul e within the R loops. 162. The nethod according to clai m 154,

wher ei n t h&4ERERTPEET ?ﬁﬂ"é?t iP@S E58RTIRRT Lot t WBenREPEBE FEies. ~QJ UL

2003 163. The method according to claim 154, wherein the , ,
embodIiments of the ihventlon, but as aforementioned, it is

to be understood that the invention is capable of use in
various other combinations, modifications, and environments
and is capable of changes or modifications within the scope
of the inventive concept as expressed herein, commensurate
with the above teachings, and/or the skill or knowledge of
the relevant art. The embodiments described hereinabove are
further intended to explain best modes known of practicing
the invention and to enable others skilled in the art to
utilize the invention in such, or other, embodiments and
with the various modifications required by the particular
applications or uses of the invention. Accordingly, the
description is not intended to limit the invention to the
form disclosed herein. Also, it is intended that the
appended claims be construed to include alternative

embodiments.



chem cal noieties each include guanine and cytosine or thym
164. The nethod according to claim 154, wherein the chem cal

"SI

i nclude at | east one nanoparticle attached to at | east one nucl eotide
within the R |1oops, the nanoparticle providing the ferroelectric material.

165. The nethod according to claim 164, wherein the at | east

one

nanoparticle has a maximumw dth of |ess than about 10 nm 166. The net hod

according to claim 154, wherein the DNA is ~,-DNA. 167. The

met hod

according to claim 154, wherein RNA f&&nm ng the R-1oop has a | ength of
about 10 to about 1500 bases. 7 ~a ~ a ~ 2003 82 168. The net hod
according to claim 154, wherein RNA form ng the R-1oop has a | ength of

about 30 to about 300 bases. 169. Thkearmsishod according to cl
wherein RNA f_Qmng tha RIloop hay - a langt-h o-f -abat-

ai m 154,
-3 -nmto

ai ~6~i ~t 50Q nm 170. The nethod according to claim154, wherein RNA

formng the Klgep has a length of about 10 nmto about |00
nmet hod according to claim 154, wherein the DNA nol ecul e i ncl
anchored to two of the conductors, the nethod further conpri

nm 171. The
udes ends
sing the step

of : attachinglgn orgqgé@Pﬁglgg iéé}ckéhﬁ%géf%§HCﬁ t he conductors that the

DNA nol ecul e i's" anchore

at least one pair of conductors spaced apart a distance

sufficient to permit a tunneling current therebetween;

at least one organic molecule extending between said

pair of conductors; and

a ferroelectric material between said pair of

conductors, wherein said ferroelectric material is attached

to said organic molecule.

2. The memory device according to claim 1, wherein

each of the pair of conductors is a metal electrode

including at least one metal selected from the group

consisting of Al, Au, Ag, Cu and alloys thereof.

3. The memory device according to claim 1, wherein

the pair of conductors are separated in a horizontal

direction by a distance of about 1 nm to about 100 nm.

4. The memory device according to claim 1, wherein

the pair of conductors are separated in a horizontal

direction by a distance of about 3 nm to about 30 nm.



172. The nethod according to claim 171, wherein the DL~A nol etﬂ glcgngéﬁ es
sticky ends anchored to the anchoring conductors. ,, ~~J U

The net hod according to claim 172, wherein the organic nol ecul e bonded to
the surface of the conductors that the DNA nolecule is anchored to is DNA
174. The nethod according to claim 173, wherein the DNA nol ecul e bonded tQ_
the .surface of the -e@ ~c~t~ctors ttrat the DNA nol ecule is anchored to is
sul fur term nated and single stranded. 175. The nmethod according to claim
173, wherein the DNA nol ecul e bonded to a first of the anchoring conductors
has a different sequence than the DNA pol ecul e bonded to a second of the
conductors. 176. The net hod according4to claiml173, wherein the DNA

nol ecul es bonded to the anchoring conductors include fromabout five to

about tuenty bage paid Sienbll oIDEcBINOL AGCORLI ngat e ¢l alm 173, wherein

t he DNA nol ecul @ extendi ng Bet ween the anch ring conductors |ncIu es sticky

ends (hat”pyba1 o 2 e 85 malenyl g bendag Lo, Lhe e gl the

anchori ng ‘conduct ors he e ng to
claim 154, further conprising the step of.

6. The memory device according to claim 1, wherein the
pair of conductors are separated in a vertical direction by

a distance of up to about 10 nm.

7. The memory device acccocrding to claim 1, wherein the
ferroelectric material includes at least one ferroelectric

crystal between the pair of conductors.

8. The memory device according to claim 1, wherein the
ferroelectric material includes at least one material
selected from the group consisting of barium titanate, lead

titanate, potassium niobilate, tri-glycine sulphate, Rochell

salt, and lead iron niobiate.

8. The memory device according to claim 1, wherein the

ferroelectric material has a Curie temperature of about 23°C

to about 490°C.



~arrangi ng an adhesi on pronoter between the R-1oops and the ¢ nduct ors.

The- nea_hod--actor-d3~rg-- ~0 e-1~-im178 , ~trerein -th %;@03
pronoter is a nolecule that includes a sulfur atomfor cont actl ng
conductors at a first end and an OH group for contacting the DNA nol ecul e
at a second end. 180. The nethod according to clam 171, wherein the
anchoring conductors are nade of gold or a gold-containing alloy. 181. The
met hod according to claim 124, further conprising the step of: providing an
el ectrically conducting nmaterial on t{g organi ¢ nol ecul e extendi ng between
the first electrode and the second el €ctrode. 182. The nethod according to
claim 125, further conprising the step of: ~ 8 ~ ~ L 2003 85 providing an
el ectrically camducthagmambeyi@dviare thecbNAngotecul £ 83. wHaeetrt hod
according to claim 128, further conprising the step of: providing an
el e~t ~i . oatd Mt axendegii rgdnad eswiiclon dhieoDblAciot ke uf@rrdeleck84c The net hod
according to claim 183, wherein the electrically conducting materi al
i ncl udes sndtwariadlorns bbndedl@® nphasphabetgroaps of. t he DNA nol ecul e. 185.
The met hod according to claim 183, wherein the electrically conducting
mat eri al i ncl udds nm&hal hevosy | deri @n atche rBiNAgnob ecld B 11,86rhellee nnat hod
according to claim1~8~ further conprising the step of: attaching at | east
one chem cabltmgicetrequoretet margarthec memboy Bendcagoy heearandparticle to the
DNA nol ecul e, wherein the adhesi on pronoter and at | east one chem cal
nmoi ety fortwtrteddhiongutrhenhanepartiriclfgotoaphéi DNALdraw & teumeeldi ng gap.

voltage across the pair of conductors is less than the
voltage required to switch a dipole of the ferroelectric

material.

12. The memcry device according to claim 1, wherein a
voltage required to read the memory device by measuring
tunneling current resulting from application of the read
voltage across the pair of conductors is less than about
one-half of the vcltage required to switch a dipole of the

ferroelectric material.

13. The memory device according to claim 1, wherein a
voltage required to read the memory device by measuring
tunneling current resulting from application of the read
voltage across the pair of conductors i1s less than about 10

mv.



~ 8 J UL 20D3 86 187. The method according to claim 154, fq’gggj,, .
conprising the step of: providing an electrically conducting i-at on
the DNA nol ecule. - 188. The method according to claim 187, wherein the
electrically conducting material includes silver ions bonded to phosphate
groups of the DNA nol ecule. 189. The nethod according to claim 187, wherein
the electrically conducting material includes netallic silver on the DNA
nol ecul e. 190. The method according to claim154. wherein the first
paral | el conductors are equidistant fromeach other. 191. The method
accordi ng to cl aiém 15he FeBO&Yn ded CONACRSILEd e tPs CpéiPerdi dWrdnat t he
first parallel conductors. .A3?. AF . A AYl.AYa .Af. AY@AY . Aly. Al
. AYs% Af . AcAmpAligfing:S .AS Al .Al.A ;. A A Sy.AY .A .AYR AR A
. Al R AFy. AF( 9. AY

dielectric material having a dielectric constant of

about 1 to about 10 surrounding the pair of conductors and

the ferroelectric material.

15, The memory device according to claim 14, wherein
the dielectric material includes at least one material
selected from the group consisting of air, SisNy, alumina

and Si0,;.

16. The memory device according to claim 1, wherein
the ferroelectric material has a thickness of less than

about 10 nm.

17. The memory device according to claim 1, wherein
a remnant polarization is capable of being induced in the
ferroelectric material by applying a bias voltage between
the pair of conductors, the bias voltage being sufficient to
produce an electric field higher than a coercive field of

the ferroelectric material.

-49-



.AY . AY . Au9. AY; .AYL.AF2 . AR AFH. A AFE .AN3,. A e. A .A Aa . A AYH
"L AY! _ AFN@E . A3f Y. AN. A. A@ A% A. A. A A F. AS. AY, . A A@ . AN. Af

A Aa& Af . A@Q A@. A@QA LA A LALA LA AY. Al SR A@ AS 18 JUL
r. A@ Aa, . Ay. A(. AH+, - BzD01G 2003
=MQRV_a| w mhc”XU] c(a] c(a] ca] ca] ca] ca] ca] ca] ca]c(a]ca]ca]ca]ca]ca]ca]c(a]cal
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] gfa] ca] c(a! adf *F  VOf
Zq} xsnid_ZU] ] ca] ca] ca]c(a] ca] ca] ca]caJca] ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]c
aJca] ca] ca]c(a]ca]ca] ca]ca] ca]ca]ca]c(al341VMNOP
| wr mhe YU ca] cglgcal cefh%ahg%agl (a(e@]l%@ala%]oe@ll%@l calea) Gl cpl caleal cal cal ca
] ca] ca] c(a] ca] ca] ca] ca] ca] ca] ¢a] ca] ca!
LI T1" 2" M Qe pold fBZWM+3+&+eapallale cExbriidgZUljdealeciallga]l tadxh] cal ca

ca] ca] cg]c(a cal.cal cal cal a (a]Jca]ca]calc
b ca] ot b AR R B P CLST, GO M agheRt 2y ] ba) e
] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca] ca] ca]ca]c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca]ca]ca]ca]ca]ca]cal678>8y828}89
<<<S>K@aaMAAb BEBCESE TEEHASIOTR FFRSSi ¢ CZOFPdapc 41 &1c(id) dal cdfredet cal c(a
]calcalc ] a] s8] cal lcal ealical.cal alycal cal J\
| cal ca ﬁ]b(rphe-; gaanﬁahg healoalcalaalapl eal clalaaleabealnal el ceabeakealsp
XXNZZZ} xmadl@lﬂ]q ca@ba] c@]l@ai] caifta] thicaldalsc* afchi aaé¢ capealveahca]tad ca) c(a
] ca] ca] C%lo%aci ca] ca] c*a] ca] ca] ca] ca] ca! ZZ]
[T~ Lbcgt cccWeYeeef g2g>gMyQzgggzuoj d_Yni d_ZUV] ca] caV] ca] caV] ca] caV]
ca] ca] ca] ca] c”*a] ca] ca] c&aU] c&a] ca] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca] c(a] ca]
ca] cal] ca
gg]ggg]hhkhzh} hhi piij kkOl hl'I'l111 nlnfoFpSppsqqqr] u}xsnid_ZU] ca] ca] ca]c. a] ca] ca]
ca] ca] ca] ca] cajama] c&akcaktakoafea oaleajocalagVicattavh cal cadraaliGaV] cal caV]
ca] caV] ca] cal Juvvvuvwyj zxz{z{{{) ||| }}~~4pwy{upj e_Zi d_ZU] ca] caV] ca] caV] ca]
caV] ca] c(ahe voltage reversing the remnant polarization represents a
W] c(a] ca] ca] ca] ca] ca] c(a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca] ca] ca]
c(a)ca * AGK3:te bias voltage.
| {upj e _ZTpje_Zi d_ZV] ca] caV] ca] caV] ca] caV] ca] caV] ca] ca] caV]ca] ca]caV]ca]ca]c
na] caV] ca V] c”aV] ca] ca] caV] ca] ca] ca\/] cal] caV] ca] caV] ca%;

sfjvga]_(?gsfjr ?L}M(; " A;]T'J g‘@‘zgﬁ]“%ca] @?& a C%\J;p% ?% 9?% c’a]wchae\é]eciaJ caV]ca]ca

HaC) " X& C acacacacacac
A cal cal cH B A1 TS| CaF B Rar ea ¢ £f CETLEPERL R %ﬁélféﬁg i cal eal cal cal
OH{ vpkf a\ al.cakc 1 c C caJ ca]ca]calc
aﬁ:afca] ca lJ(?:dal] C(Igafﬂclgflc]ac]%c% gg%"ﬁ?%‘@g%é l%g] %%}tgghghaggg& é\l/r@} érEﬁ‘ﬂ]X] c} ] c!a] c!a] c!a]
c&al] c&a] Cfalclaié:lac]&aﬂl%a}r%b%@h@awael;cp(ley]ﬁ@] @ab@akc%@%@@]&éﬂv&@rpal c8al] c8a
] cal ca] ca] ca] c(a] ca] ca! $Zb -
>EOH| ?v| wr e pd ic] ]dfca;]oe]ahaabea] c8a]ca]ca]calcaJca]lca]calcalcalc(aUc(a]c(a
] ca] ca] ca] c(a] ca] ca] ca] c&a] ca] ca] ca] ca] ca] ca] ca] cal vxGoTr
@O0h(zupkf [ V]] ca] c&aU] c&a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c(al] c(a]
c(aU] c(a] ca] ca]ca] ca] ca]ca] ca] ca] ca] ca] ca] cal] ca! (4h+eo#+-57: =@r| { upkf a\ W ]
—tca] ca] ca] ca] cdLaUhetakmakyajiewn] oa]aajoccaliog] ta] cadir all c(vdexfedld) c(a] ca] ca -
] ca] ca] ca] ca] ca]ca] ca]ca]ca] ca]ca!' 1f R bQ g#] | KSX[ } xsnic”Y]]]]ca]c:aV]c:a]c"
a] ca] ca] cathma]tujred]icg] cafcahtal &aloa|wanc &heakeajicudtdaa]icn] c. a] ca] ca] ca]
caljcalcalcalcal[@V/:=IM Mkz| ~| wmhb]W] U c(a] c(aU] c(a]ca] ca]ca]ca]ca]ca]
c(a] ca] ca]maqa:la]]eﬂa]t@a]acac]ema]aoa] pal zul 25tddnc (afvagdaleaflem] ca] ca] ca] ca] ca] ca
. 0$F5! 2j q' Y24ADy} xsnhc”Y]] U ] ca] ca] c(aU] c(a] ca] ca] ca] ca] ca]ca] ca] ca] ca] ca]
ca] ca] ca] ch§rejelaasdic aptaléal cly cajdlalicg] eapdapcudpteiad dlgtween
V,.i BWBh}xsnid_Z]]U]]]ca]ca] ca]c(a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca] ca] C
a] ca] ca] c(Hjzgjaia] cH] cajpdaktaksa] ca] ca] ca] ca] ca! Dyrz(”290%$YJ} xsni ¢ X] ] U] ca]
caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca]ca]c
aJcalcalcalcalcalca]cal4” A)9<p-hrogi>Tn}xsnid_Z]]JUU ]ca] ca] ca]ca] ca]ca]ca]c
aJc*a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c&a] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca
ca!
1?w~, E|-7t)[2Co} xsnid_Z] ] UU] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca]ca]ca]c*
aJ calca]ca]ca]ca]ca]ca]ca]calca]calcalcalcalcalc*ajcalo

-
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H\s|w nhc’\Y]V] UU| ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] ca1 %a]ja] caj ca]
ca] ca]ca] ca] ca]ca]c(aU] c(a] c(a]ca] ca]ca]ca] ca! Xo~0i 7n# gg
Y}xsnid_Z]]UU] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c(a] ca] ca] ca] ca] ca] ca] ca] G‘Ca
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t attached to at least one location on the at least one DNA

molecule.

25. The memory device according to claim 23, wherein
the organic molecule further includes a monolayer of
oligomers attached to at least a portion of the at least

one DNA molecule.

26. The memory device according to claim 1, wherein

the at least one DNA molecule is double stranded and
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includes at least one R-loop, the memory device further
comprising:

at least one chemical moiety attached to at least one
nucleotide in the at least one R-loop, wherein the at léast

one chemical moiety includes the ferroelectric material,

27 . The memory device according to claim 26, wherein
the at least one chemical moiety is attached to at least one
selected nucleotide in the at least one R-loop.

28 | The memory device according to claim 26, wherein
the at least one chemical moiety is attached to the at least
one nucleotide in the at least one R-loop by at least one

hydrogen bond.

29 . The memory device according to claim 27, wherein
the at least one chemical moiety is attached to the at least
one nucleotide in the at least one R-loop by at least one

covalent bond.

30 .- The memory device according to claim 26, wherein
the at least one chemical molety i1s attached to the at least
one nucleotide in the at least one R-loop with at least one

hydrogen bond or at least one covalent bond.
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31 . The memory device according to claim 26, wherein
the at least one chemical moiety includes at least one

nucleotide.

32 . The memory device according to claim 26, wherein
the at least one chemical moiety includes at least two

different moieties.

33 . The memory device according to claim 32, wherein
at least one of the moieties 1s capable of bonding to the at

least one nucleotide in the at least one R-loop.

34. The memory device according to claim 26, wherein
the at least one chemical moiety includes at least one acid

and at least one alcohol.

:35. The memory device according to claim 26, wherein
the at least one chemical moiety is attached to at least one
amide group on the at least one DNA molecule within the

R-loop.
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the at least one chemical moiety includes two nucleotides.

37. The memory device acccrding to claim 31, wherein
the at least one chemical moiety includes guanine and

cytosine or thymine and adenine.

38. The memory device according to claim 26, wherein
the at least one chemical moiety includes at least one
nanoparticle attached to at least one nucleotide within the
R-loop, the nanoparticle providing the ferrcelectric
material.

39. The memory device according to claim 38, wherein
the at least one nanoparticle has a maximum width cf less

than about 10 nm.

40. The memory device according to claim 26, wherein

the DNA is A-DNA.

41. The memory device according to claim 26, wherein
RNA forming the R-loop has a length of about 10 to about

1500 bases.
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42. The memory device according to claim 26, wherein
RNA forming the R-lcop has a length of about 30 to about 300

bases.

43. The memory device according to claim 26, wherein
RNA forming the R-loop has a length of about 3 nm to about

500 nm.

44. The memory device according to claim 26, wherein
RNA forming the R-~loop has a length of about 10 nm to about

100 nm.

45. The memory device according to claim 1, further
comprising:
a plurality of first parallel conductors extending on a

substrate in a first direction.

46. The memory device according to claim4d, further
comprising:

a plurality of second parallel conductors overlapping
the first parallel conductors extending on the substrate and

the first parallel conductors in a second direction
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perpendicular to the first parallel conductors, wherein the
ferroelectric material is arranged between the first

parallel conductors and the second parallel conductors.

47. The memory device according to claim 46, further
comprising:

an adhesion layer between the substrate and the first
parallel conductors and the second parallel conductors where
the first parallel conductors and the second parallel

conductors overlap the substrate.

48. The memory device according to claim 47, wherein
the adhesion layer includes at least one metal selected from

the group consisting of Cr and Ti.

49. The memory device according to claim 46, wherein

the substrate is glass or ceramic.

50. The memory device according to claim 46, wherein
the first parallel conductors and the second parallel

conductors have a width of about 50 nm to about 5000 nm.
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51. The memory device according to claim 46, wherein
the first parallel conductors are separated from each other
by a distance of about 50 nm to about 5000 nm and the second
parallel ccnductors are separated from each other by a

distance cf about 50 nm to about 5000 nm.

52. The memory device according to claim 45, wherein
the first parallel conductors are eqgquidistant from each

other.

53. The memory device according to claim 46, wherein
the second parallel conductors are equidistant from each

other.

B4. The memory device according to claim 45, further
comprising:

a double stranded DNA molecule extending across a
plurality of the first conductors, the DNA molecule
including an R-loop above a plurality of the first
conductors; and

at least one chemical moiety attached to at least one

nucleotide in a plurality of the R-loops.



10m 10m 10%m& ()-F +10%m& ()- @ 10%m& ()-F 10%m& () - cceef hhi qj@kﬂmzl Adaaja
10ZZ 10ZZ 10ZZ' Y$@ 109&2Z& ()- '1109@2Z& ()-s!'l @ 2
109@2Z& () - 109&Z& () - zh} hi j KkOl dEAPL 1#109%y/ 109%& () - - 109%& () - YS 109%& () -

1#109& () -

109 () - Yf
101 510%&' (
- 10%& () -

109%& ()-MLO%&' ()-OlhliTTTTTT_@1#1@10%m& ()-!f)10988& () -
)-13- 109 ()-Y110%&' ()- | nl nf oFpSppdE_@ 1#1
*910% & ()-11"g 10%r& ()-tY10%® ()- @

10%& () - Yf 10%& () - ppqggrgsqqqgr]u~_381#!'y 10%ZZ& ()-,y 10%Z& () -

, 10928 () -

'g"@10% & ()- 10m 10m 10m /T 10%r& () -] uvvvvvvuvw S1
55. The memory device according to claim 54, wherein
the chemical moieties are attached to at least one selected

nucleotide in the R-locops.

56. The memory device according to claim 54, wherein
the chemical moieties are attached to the at least one
nucleotide in the R~loops by at least one bond selected from

the group consisting of hydrogen bonds and covalent bonds.

57. The memory device according to claim 54, wherein

the chemical moieties include at least one nucleotide.

58. The memory device according to claim 54, wherein
the chemical moieties include at least two different

moieties.

59. The memory device according to claim 58, wherein
at least one of the moieties is capable of bonding to the at

least one nucleotide in the R-1loops.

60. The memory device according to claim 58, wherein

the chemical moieties include at least one acid and at least

one alcohol.

10 10
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61. The memory device according to claim 54, wherein
the chemical moieties are attached to at least one amide

group on the at least one DNA molecule within the R-loops.

62. The memory device according to claim 54, wherein

the chemical moieties each include two nucleotides.

63. The memory device according to claim 54, wherein
the chemical moieties each include guanine and cytosine or

thymine and adenine.

64 . The memory device according to claim 54, wherein
the chemical moieties include at least one nanoparticle
attached to at least one nucleotide within the R~loops, the

nanoparticle providing the ferroelectric material.

65 . The memory device according to claim 64, wherein
the at least one nanoparticle has a maximum width of less

than about 10 nm.
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the DNA is A-DNA.

67. The memory device according to claim 54, wherein
RNA forming the R-lcop has a length of about 10 to about

1500 bhases.

68. The memory device according to claim 54, wherein
RNA forming the R-loop has a length of about 30 to about 300

bases.

69. The memory device according to claim 54, wherein
RNA forming the R-loop has a length of about 3 nm to about

500 nm.

70. The memory device according to claim 54, wherein
RNA forming the R-loop has a length of about 10 nm to about

100 nm.

71. The memory device according to claim 54, wherein
the DNA molecule includes ends anchored to two of the

conductors, the memory device further comprising:
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an organic molecule bonded to a surface of the

conductors that the DNA molecule is anchored to.

72. The memory device according to claim 71, wherein
the DNA molecule inc-udes sticky ends anchored to the

anchoring conductors.

73. The memory device according to claim 72, wherein
the organic molecule bonded to the surface of the conductors

that the DNA molecule is anchored to is DNA.

74. The memcry device according to claim 73, wherein
the DNA molecule bonced to the surface of the conductors
that the DNA molecule 1s anchored to is sulfur terminated

and single stranded.

75. The memory device according to claim 73, wherein
the DNA molecule bonded to a first of the anchoring
conductors has a different sequence than the DNA molecule

bonded to a second of the conductors.
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76. The memory device according to clain 73, wherein

the DNA molecules bonded to the anchoring conductors include

from about five to about twenty base pairs.

77. The memory device according to claim 73, wherein
the DNA molecule extending between the anchoring conductors
includes sticky ends that hybridize with the DNA molecules

bonded to the surface of the anchoring conductors.

78. The memory device according to claim 54, further
comprising:
an adhesion promoter arranged between the R-loops and

the conductors.

79. The memory device according to claim 78, wherein
the adhesion promoter is a molecule that includes a sulfur
atom for contacting the conductors at a first end and an OH

group for contacting the DNA molecule at a second end.

80. The memory device according to claim 71, wherein
the anchoring conductors are made of gold or a

gold-containing alloy.
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81. The memory device according to claim 1, further
comprising:

an electrically conducting material on the organic
molecule extending between the first electrode and the

second electrode.

82. The memory device according to claim 23, further
comprising:
an electrically conducting material on the DNA

molecule.

83. The memory device according to claim 26, further
comprising:
an electraically conducting material on the DNA

molecule.

84. The memory device according to claim 83, wherein
the electrically conducting material includes silver ions

bonded to phosphate groups of the DNA molecule.

85. The memory device according to claim 83, wherein
the electrically conducting material includes metallic

silver on the DNA molecule.



10 101 5109 ()-13109%& ()- 1109 ()-1s$T 109 ()-F "t109% ()-L910% ()-Z
ugYK 10 10 10mm 10nmm 10mm 10%m& ()-z 10%1& () -t &LO%T& () - J&%{r@[_(m@s
10%+, -;uj _@ 10 10L$10%% ()- 10Z 10Z 10Z#109%Z& ()-! @

109228 ()-  109&& ()-$109%Z& ()-:>ECo+ = @ 10

64

86. The memory device according to claim 78, further
comprising:

at least one chemical moiety attached to the
nanoparticle for bonding the nanoparticle to the DNA
molecule, wherein the adhesion promoter and at least one
chemical moiety for attaching the nanoparticle to the DNA

form a tunneling gap.

87. The memory device according to claim 54, further
comprising:
an electrically conducting material on the DNA

molecule.

88. The memory device according to claim 87, wherein
the electrically conducting material includes §ilver ions

bonded to phosphate groups of the DNA molecule.

89. The memory device according to claim 87, wherein
the electrically conducting material includes metallic

silver on the DNA molecule,
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80. The memory device according to claim 54, wherein

the first parallel conductors are equidistant from each

other.

91. The memory device according to claim 54, wherein
the DNA molecule is perpendicular to the first parallel

conductors.

92. A method for forming a memory device, the method
comprising the steps of:

providing at least one pair of spaced apart conductors
on a substrate;

providing a ferroelectric material between the pair of
conductors, the pair of conductors being spaced apart a
distance sufficient to permit a tunneling current
therebetween; and

providing at least one organic molecule extending

between the pair of conductors, wherein the ferroelectric

. material is attached to the organic molecule.

93. The wmethod according to claim 92, further
comprising the step of:

providing a plurality of spaced apart conductors on
the substrate; and

providing ferroelectric material between the spaced

apart conductors.
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94 .  The method according to claim 93, wherein the
plurality of spaced apart conductors includes a plurality of
first parallel conductors and a plurality of second parallel

conductors perpendicular to the first parallel conductors.

95. The method according to claim 94, wherein portions
of the second conductors overlap portions of the first

conductors.

06 . The method according to claim 99, wherein the
ferroelectric material is deposited in regions where the

first conductors overlap the second conductors.

97. The method according to claim 94, wherein the
method further comprises providing the conductors according
to the steps of:

providing an adhesion layer on a substrate;

providing a first metallic layer on the adhesion layer;

forming a first layer of photoresist on the first
metallic layer:;

exposing the first photoresist layer;

developing the first photoresist layer:;
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etching the first metallic layer and the adhesion layer
to form the first parallel conductors;

stripping the first photoresist layer;

providing a layer of ferroelectric material on
remaining portions of the etched first metallic layer and
the substrate exposed by etching of the first metallic layer
and the adhesion layer;

providing a second metallic layer on the layer of
ferroelectric material;

providing a second layer of photoresist;

exposing the second photoresist layer;

developing the second photoresist layer;

etching the second metallic layer; and

stripping the second photoresist layer.

98. The method according to claim 94, wherein first

conductors are equidistantly spaced apart.

99. The method according to claim 94, wherein second

conductors are equidistantly spaced apart.

100. The method according to claim 94, wherein the

substrate is glass or ceramic.
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101. The method according to claim 97, wherein the

adhesion layer 1s Cr or Ti.

102 . The method according to claim 92, wherein the
conductors are made from at least one metal selected from

the group consisting of Cu, Ag, Al, Au, and alloys thereof.

103. The method according to claim 94, wherein the
first parallel conductors and the second parallel conductors

are formed about 50 nm to about 5000 nm wide.

104. The method according to claim 94, wherein the
first parallel conductors are formed separated from each
other by a distance of about 50 nm to about 5000 nm and the
second parallel conductors are formed separated from each

other by a distance of about 50 nm to about 5000 nm.

105. The method according to claim 92, wherein the
conductors are formed separated in a horizontal direction by

a distance of about 1 nm to about 100 nm.
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conductors

a distance

. 107 .

conductors

108 .

conductors

are formed separated in a horizontal direction by

of about 3 nm to about 30 nm.

The

are

The

are

method according to

formed in one plane.

method according to

formed separated in

claim 92, wherein the

claim 92, wherein the

a vertical direction by a

distance of from about 0 nm to abut 10 nm.

109 .

The method according to clain\gz, wherein

providing the ferroelectric material includes providing at

least one ferroelectric crystal between the pair of

conductors.

110 .

The method according to claim 92, wherein

providing the ferrcelectric material includes providing at

least one material selected from the group consisting of

barium titanate,

lead titanate, potassium niobiate,

tri-glycine sulphate, rochell salt, and lead iron niobiate.
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111 . The method according to claim 92, wherein the

ferroelectric material has a Curie temperature of abcat 23°C

to about 490°C.

112 . The method according to claim 92, wherein a
voltage required to switch a dipole of the ferroelectric

material is about 100 mV to about 10000 mV.

113 . The method according to clair 92, wherein a
voltage reguired to read the memory device by measuring
tunneling current resulting from application of the read
voltage across the pair of conductors is less than the
voltage required to switch a dipole of the ferroelectric

material.

! 114 . The method according to claim 92, wherein a
voltage required to read the memory device by measuring
tunneling current resulting from application of the read
voltage across the pair of conductors is less than about

one-half of the voltage required to switch a dipole of the

ferroelectric material.
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115 . The method according to claim 92, wherein a
voltage required to read the memory device by measuring
tunneling current resulting from application of the read
voltage across the pair of conductors is less than about 10
mv.
' 116. The method according to claim 92, further
comprising the step of:

providing dielectric material having a dielectric

constant of about 1 to about 10 surrounding the pair of

conductors and the ferrcelectric material.

\ 117 .  The method according to claim 116, wherein the
dielectric material includes at least one material selected

from the group consisting of air, SiN, alumina and SiO,.

118 . The method according to claim 92, wherein the
ferroelectric material has a thickness of less than about 10

nm.

119. The method according to c¢laim 92, wherein a
remnant polarization is capable of being induced in the
ferroelectric material by applying a bias voltage between

the pair of
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conductors, the bias voltage being sufficient to produce an

electric field higher than a coercive field of the

ferroelectric material.

120. The method according to claim 92, wherein

%i b@

a

remnant polarization is capable of being induced by local

heating applied during application of the bias voltage.

121. The method according to claim 119, wherein the

remnant polarization is capable of Dbeing reversed by

changing the sign of the Dbias +voltage between

conductors.

122 . The method according to claim 119, wherein the

voltage reversing the remnant polarization represents a

write bias voltage.

tunneling current is high when the read voltage is

antiparallel to a remnant polarization induced in the

ferroelectric material by applying a bias voltage between

the pair of conductors.

123 . The method according to claim 113, wherein the

the
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124 . The method according to claim 113, wherein the
tunneling current is low when the read voltage is parallel
to a remnant polarization induced in the ferroelectric

material by applying a bias voltage between the pair of

conductors.

125. The method according to «claim 92, wherein
providing the organic molecule includes extending at least

one DNA molecule between the conductors.

126. The method according to claim 125, wherein
providing the organic molecule further includes attaching at
least one oligomer to at least one location on the at least

one DNA molecule.

127. The method according to claim 125, wherein

providing the organic molecule further includes attaching a
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monolayer of oligomers to at least a portion of the at least

one DNA molecule.

128. The method according to claim 92, wherein the at
least cone DNA molecule is double stranded, the method
further comprising the steps of:

forming at least one R-loop in the DNA molecule; and

attaching at least one chemical moiety to at least one
nucleotide in the at least one R-1loop, wherein the at least
one chemical moiety includes the ferroelectric material.

129. The method according to claim 128, wherein the at
least one chemical moiety is attached to at least one
selected nucleotide in the at least one R-loop.

130. The method according to claim 128, wherein the at
least one chemical moiety is attached to the at least one
nucleotide in the at least one R-loop with at least one bond
selected from the group consisting of hydrogen bonds and

covalent bonds.

\ 131'| The method according to claim 128, wherein the at

least one chemical moiety includes at least one nucleotide.
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132. The method according to claim 128, wherein the at
least one chemical moiety includes at least two different
moieties.
133. The method according to claim 132, wherein at
least one of the moieties is capable of bonding to the at

least one nucleotide in the at least one R-loop.

134.  The method according to claim 128, wherein the at
least one chemical moiety includes at least one acid and at

least one alcohol.

135.  The method according to claim 128, wherein the at

least one chemical moiety is attached to at least one amide

group on the at least one DNA molecule within the R-loop.

136. The method according to claim 131, wherein the at

least one chemical moiety includes two nucleotides.

137. The method according to claim 131, wherein the at
least one chemical moiety includes guanine and cytosine or

thymine and adenine.
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138. The method according to claim 128, wherein the at

least one chemical moiety includes at least one nanoparticle
attached to at least one nucleotide within the R-loop, the

nanoparticle providing the ferroelectric material.

139. The method according to claim 138, wherein the at
least one nanoparticle has a maximum width of less than

about 10 nm.

140.  The method according to claim 128, wherein the

DNA is A-DNA.

141. The method according to claim 128, wherein RNA
forming the R-loop has a length of about 10 to about 1500

bases.

142. The method according to claim 128, wherein RNA
forming the R-loop has a length of about 30 to about 300

bases.

2003
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forming the R-loop has a length of about 3 nm to about 500

nm,

144. The method according to claim 128, wherein RNA
forming the R-loop has a length of about 10 nm to abcut 100

nm,

145. 7Tne method according to claim 92, further
comprising the step of:
providing a plurality of first parallel conductors

extending on a substrate in a first direction.

146. The method according to claim 92, further
comprising the step of:

providing a plurality of second parallel conductors
overlapping the first parallel conductors extending on the
substrate and the first parallel conductors in a second
direction perpendicular to the first parallel conductors,
wherein the ferrocelectric material is arranged between the
first parallel conductors and the second parallel

conductors.



3&10% & () -! e3&10%b& () - %0 ()-%0%& ()- GLO%&' ()-3L10%& ()-q
"I rsS4 3 z 109 ()- 109 () - $10%& ()- 10bb 10bb 1 kaé.2003
10bb! d9$! 10%b& ()-!il!10%b& ()-!i"" 6#0#$$xV4Ar S4 1 aJS&YA 0% () -!
0% () -! 1 T&LO%& () -f! LI T&10%&' () -f |1 T&10% & () -f! 6f
109%&' () - $% WK%y BB @ ! aJS10%&' () - $10%&' ()- 10 10 10F410%& ()-'& 1
109& ()-VY.109%& () - %&&+' " C( (\/\/LJS-_@!?% 109& ()-f!S& 909 ()-!t"T
10% ()-'99g 10%& ()-!pl10%& ()-!yz % ()-(((((O)T))xY: 1110%& ()-y
10%m& ()-Y 10%m& ()- &10%r& ()- Y9dO0%r& ()- 10 10 10)=*qg****f +} "<xY:
Fly*: $10%& () - &10%r&' () -!"10%m&' () - F10%m& ()- 10%r& ()- !~y
10%m& () - f +mrntéFp+rrmer 1RE€hbl020%8r¢) ng HOY& 1(D)im &BBQ%&ufrhe20%& () -°
comprising the step of:
providing a layer of an adhesion material between the
substrate and the first parallel conductors and the second
parallel conductors where the first parallel conductors and

the second parallel conductors overlap the substrate.

148. The method according to claim 147, wherein the
adhesion layer includes at-least one metal selected from the

group consisting of Cr and Ti.

149. The method according to claim 145, wherein the

substrate is glass or ceramic.

150. The method according to claim 146, wherein the
first parallel conductors and the second parallel conductors

have a width of about 50 nm to about 5000 nm.

151. The method according to claim 146, wherein the
first parallel conductors are separated from each other by a
distance of about 50 nm to about 5060 nm and the second
parallel conductors are separated from each other by a

distance of about 50 nm to about 5000 nm.
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152. The method according to claim 145, wherein the

first parallel conductors are equidistant from each other.

153. The method according to claim 146, wherein the

second parallel conductors are equidistant from each otHer.

154. The method according to claim 145, further
comprising the steps of:

extending a double stranded DNA molecule across a
plurality of the first conductors:

forming an R-loop in the DNA molecule above a plurality
of the first conductors; and

attaching at least one chemical molety to at least one

nucleotide in a plurality of the R-loops.

155. The method according to claim 154, wherein the
chemical moieties are attached to at least one selected

nucleotide in the R-loops.

156. The method according to claim 154, wherein the

chemical moieties are attached to the at least one
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nucleotide in the R-loops by at least one bond selected from

the group consisting of hydrogen bonds and covalent bonds.

157. The method according to claim 154, wherein the

chemical moieties include at least one nucleotide.

158. The method according to claim 154, wherein the

chemical moieties include at least two different moieties.

159. The method according to claim 158, wherein at
least one of the moieties is capable of bonding to the at

least one nucleotide in the R-loops.

160. The method according to claim 158, wherein the
chemical moieties include at least one acid and at least one

alcohol.

16l. The method according to claim 154, wherein
the chemical moieties are attached to at least one amide

group on the at least one DNA molecule within the R~loops.

162. The method according to claim 154, wherein the

chemical moieties each include two nucleotides.



| MLOY@E ()-!] &109%44& () - mlOY%@ ()-s! Z10%@B@EL () -, 10%@& ()-!3

109@E% () - K===K>>>>>}724@! 10@ 010%@& ()- Y. 109%@& ()-Y , $109%@& () -

VI #$10988& ()-:! Q #$100& ()-:h ! 10%@& () - >>>>>>?2K?x 2NV

g10% ug& ()-&10% u&' ()-1  10% u& ()-10% u& ()-L$, 10% & () - Ss3086 ¥§/| 900 @
10@?7@@A; BnBoBz[ <1/ 10-u@10% u& ()-Y. 10% & () -

S, 10% u& ()-!p$10% u- u& ()-! 10% u- u& ()-M 10% u- u& () - oBpBgBBBBBCK/

10- u@1! @0% U U& ()-LL10% U& ()-  10% U& ()-110%

81

163. The method according to claim 154, wherein the
chemical moieties each include guanine and cytosine or

thymine and adenine.

164. The method according te claim 154, wherein thé
chemical moieties include at least one nanoparticle attached
to at least one nucleotide within the R-loops, the

nanoparticle providing the ferroelectric material.

165. The method according to claim 164, wherein the at
least one nanoparticle has a maximum width of less than

about 10 nm.

166. The method according to claim 154, wherein the

DNA is A-DNA.

} 167. The method according to claim 154, wherein RNA
forming the R-loop has a length of about 10 to about 1500

bases.
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168. The method according to claim 154, wherein RNA
forming the R~locop has a length of about 30 to about 300

bases.

169. The method according to claim 154, wherein RNA
forming .the R-loop has.-a length of about -3 -nm to about 500

nm.

170. The method according to claim 154, wherein RNA
forming the R~loop has a length of about 10 nm to about 100

nm.

171. The method according to claim 154, wherein the
DNA molecule includes ends anchored to two of the
conductors, the method further comprising the step of:

attaching an organic molecule to a surface of the
conductors that the DNA molecule is anchored to.

172.  The method according to claim 171, wherein the
DNA molecule includes sticky ends anchored to the anchoring

conductors.



10908 ()-f109%0& () -f#109%0& ()- 10< 10< 10<, 4

¢ 109%<& ()-'@10%& ()-11SlallJJ}[9~ @!$3109%00& ()-!f J

109%00& () -! " 109%00& () -10%0& ()-! 10908 () - 109%& ()-JV\IKCK}[9~_é)8 UL 2003
1'$3109%008 ()-!f 109%00& ()-! ' 109008 ()-10%0& ()-F. 10%0& ()-! " *10%0C& () -
Normal " "Headi ng 13]c" "Heading 23]c" "Heading 33]c" "Heading 43]c"
"Headi ng 53] c" "Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A
"Default Paragraph Font/UL>$V(, 1x59= KOOSX\ "jeirnsiwo ,*Q9y{1(9

nx" %o( +/ 2168; p?BECHLNPRTVXZ\ A" bdf hj | nprtvxz| ~a , 6JZg] u$v([yo! | +5G=EcK zG
R*L! U% WHA, . / 44wW8; KGAEOI N RWAZ_ " ¢zhOl | p] uw{ } yX*_<; +x4e) 2YA, Bh"$J9-i n?, ?J
S7q ! $9%) f ++-. 0235y 689NY ; oD BAT olr Gl g Ke b " #894&n ()72, whe@:23456489: ;
<=>?@A\BCDEFGHI JKLMNOPQRSTUVWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{|} ~6Ti nes

New RomanAnirala@aur nel edevé lodiandd knt tydoedbostarent \the conductors
| " HSYR () *+, - / 0123456789 :

<=>7? @\BCDER Gl J Kh MNORRST LAMKYZ[1\g] ancabedeaf ghi j klorropqgr st uvwxyz{| } ~
" #$9& ()*+,-./0123456789: ;
<=>?@ABCDEFGHI JKLMNOPQRSTUVWKYZ[\ ]~ " abcdef ghi j kl mopqgr st uvwxyz{| } ~
174. The method according to claim 173, wherein the
DNA molecule honded to the .surface of the -eonductors that

the DNA molecule is anchored to 1is sulfur terminated and

single stranded.

175. The method according to claim 173, wherein the
DNA molecule bonded to a first of the anchoring conductors
has a different sequence than the DNA molecule bonded to a

second of the conductors.

176.  The method according to claim 173, wherein the
DNA molecules bonded to the anchoring conductors include

from about five to about twenty base pairs.

177. The method according -to claim 173, wherein the
DNA molecule extending between the anchoring conductors
includes sticky ends that hybridize with the DNA molecules

bonded to the surface of the anchoring conductors.
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178. The method according to claim 154, further
comprising the step of:
arranging an adhesion promoter between the R-loops and

the conductors.

179. The method.-according- to elaim 178, wherein the
adhesion promoter is a molecule that includes a sulfur atom
for contacting the conductors at a first end and an OH group

for contacting the DNA molecule at a second end.

180. The method according to claim 171, wherein the
anchoring conductors are made of gold or a gold-containing
alloy.

18l. The method according to claim 124, further
comprising the step of:

providing an electrically conducting material on the
organic molecule extending between the first electrode and

the second electrode.

182. The method according to claim 125, further

comprising the step of:
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providing an electrically conducting material on the

DNA molecule

183. The method according to claim 128, further
comprising the step of:
providing an electrically conducting material on the

DNA molecule.

184. The method according to claim 183, wherein the

electrically conducting material includes silver ions bonded

to phosphate groups of the DNA molecule.

185. The methcd according to claim 183, wherein the
electrically conducting material includes metallic silver on

the DNA molecule.

186. The method according to claim 178, further
comprising the step of:

attaching at least one chemical moiety to the
nanoparticle for bonding the nanoparticle to the DNA
molecule, wherein the adhesion promoter and at least one
chemical moiety for attaching the nanoparticle to the DNA

form a tunneling gap.
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187. The method according to claim 154, further
comprising the step of:
providing an electrically conducting material on

DNA molecule.
188. The method according to claim 187, wherein
electrically conducting material includes silver ions

to phosphate groups of the DNA molecule.

189.  The method according to claim 187, wherein

the

the

bonded

the

electrically conducting material includes metallic silver on

the DNA molecule.

190. The method according to claim 154, wherein

the

first parallel conductors are equidistant from each other.

191. The method according to claim 154, wherein
DNA molecule is perpendicular to the first parallel

conductors.

the



