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[ 0001] The present invention is directed generally to el ectronic devices
whose funcW®med/oBERgt h scal es are neasured in nanonet ePET/USHE3024g8e
particu- 19%p@odsss-1to transistors and sensors enploying nolecules with

swi tching di pole groups. BACKGROUND ART 20 [0002] As is well known, the
conventional field effect transistor (FET) is nade mainly from

sem conductor materials (see FIG 1la), where the electric carriers in the
sem conductor region between source and drain are influenced by a voltage
applied to the gate. In other words, the conductance between the source
and drain is controlled by the gate voltage. 25 [0003] Wen the size of the
transistor (L in FIG 1a) is reduced to nanoneter scale (<15 nm, the
separati on between the source and drain is too small to allowthe gate to
effective affect the carrier density. As a consequence, a nanoscale FET
will not work in the same fashion as a sem conductor FET. 10004] A prior

art hyb(rjgd organic transistor has a structure as shown FIG 30 1b, where
t he conductance of an organic |ayer between source and drain is con- Case
10003588 WO 2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 2

TRANSISTOR AND SENSORS MADE FROM MOLECULAR MA-
TERIALS WITH ELECTRIC DIPOLES

10 .
TECHNICAL FIELD

[0001] The present invention is directed generally to electronic devices
whose functional length scales are measured in nanometers, and, more particu-
15 larly, to transistors and sensors employing molecules with switching dipole

groups.

BACKGROUND ART

20  [0002] As is well known, the conventional field effect transistor (FET) is
made mainly from semiconductor materials (see FIG. 1a), where the electric
carriers in the semiconductor region between source and drain are influenced
by a voltage applied to the gate. In other words, the conductance between the
source and drain is controlied by the gate voltage.

25  [0003] When the size of the transistor (L in FIG. 1a) is reduced to
nanometer scale (<15 nm), the separation between the source and drain is too
small to allow the gate to effective affect the carrier density. As a consequence,
a nanoscale FET will not work in the same fashion as a semiconductor FET.
[0004] A prior art hybrid organic transistor has a structure as shown FIG.

30 1b, where the conductance of an organic layer between source and drain is con-
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trolled by the voltage applied to the gate, in the sane way that the
conduct ance between the source and drain is controlled by the gate voltage
on the sem con- ductor transistor of FIG 1 a. By "hybrid" is neant that

t he channew0 2806193992 gani ¢ conpound, but everythi ng el sBCT/ES298i08284¢8i onal Si
t echnol ogy Epayoudtgs-1see, e.g., 5 C. R Kagan et al, Science, Vol. 286, pp.
945-947 (29 Cct 1999). Usually, a rel ?ﬁ tively high gate voltage is needed
to change the conductance of the orgaric |ayer. The conductance and
nmobility for the organic layer is low, usually snmaller than 1 cn®/(Vs),

the gate voltage is large (30 to 50V), and therefore the switch- ing speed
of the trari@ﬂ"@g@w the veltage, appliedsol the gaten it the semgtwayrthatiihe caedicancehe current

10 channel y §r9m'§our@eﬂgmfm@mqefcsnmw qnéiggﬂaevoﬁegeeomr% ddimesh-used in

conventi ona I con techno . I'n cont r mbodi nents di scl osed
here- in, tmtqrrt@@nistpnoéﬁe 1@, Bmélybrm%uas meent it the gbanndl 2N @Fanighi ch i s

control | ed égﬁéd&uﬁan&ﬁ}pé\} ?ﬂhlﬁ%tefs'érle goh%&itn@nal%ﬁe&ﬁ%l g 18/du Fee0B g

sem conduct hi eve ectros at i'c potenti aI created

by an organ®cRfléaganedt@biScience, ﬁ@bl@ﬁlept% 947H8 IPctdgoYeUsyallyi g @ld- cont act
wi th the Chmnﬁh.gegaté%ﬁég%t@%efeaeantbtcnab{g@thedea{d%atahe& of Lbrgahf@005] A

prior art ferroe ric transistor has-a structure as shown in FIG lc,
wher e the péverr Thacprguctance igad mabdity for e ergarisdavet isrlpw, ysaldy smaligruences t he

conduct anceygh 1t&1?/(vquefh@(’g%¥ehvcﬁt9§e %amg@%d%s@\r/) bAY Herdiic/BEBwitEE Ssource 20

and drain. Such a transistor can be used for nonvol atil e menory
appl i cat i oni§g spamjof the jransisioy iscHow el Wil Beopotad thad in this qﬁﬂﬁﬁ‘rti?ePPESP"& ef f ect

tran5| Sf(ﬁat %WEFETQ -or a-m? MPNEBatd RidEBKAd Ahe Netd Q@tt‘hog@\Uséﬁsm( L <100

is t e swt properties of the ferroel ectr.i I
apparent ly @mvsnmahsl&c%ttegthgarInsqoagast '“[tb@)GB"Poﬁl“]ﬁmsoq's psed ?’h cal FET

(chentET) sgngpr orb§mb hdyepis tﬂé%uld@orﬁhlfﬁ difrizatién, aMslch & éb‘h@rdlléd)by fhet ecti ng
particul ar chem cal speéci es. Eﬁ,' npri ses %‘\CUNQ nnel regi on and

source and @priiedl @I‘téﬁf‘?f dgkds | T"@ Igaﬁrr‘ﬁbvﬁffeﬁh °§n i RYDICSR pelriSe " channel

is exposed hehiéveR amhe@wceéstatrb ;Bdlmﬁuare@waobyrm @rgam.emrwmnc indlilgh can
chem sorg directly on a channel re IOE’ th % ﬁm sorpti,on hap es the
f eongRy e ¥

densi t ytof g VRIER &13¥P] MedEFhANERC N arqted RIW, G Pance. The

dielectric layer.
[0005] A prior art ferroelectric transistor has a structure as shown in FIG.
1c, where the polarization of the underlying ferroelectric layer influences the
conductance of the underneath the semiconductor layer between the source
20 and drain. Such a transistor can be used for nonvolatile memory applications,
and is usually called a ferroelectric memory field effect transistor (FEMFET).
The problem with making short gate devices (L <100 nm) is that the switching
properties of the ferroelectric element apparently deteriorate at smaller sizes.
[0006] A prior art chemical FET (chemFET) sensor is illustrated in FIG. 1d,
25 and is used for detecting particular chemical species. The chemFET comprises
the channel region and source and drain electrodes, all grown on an insulator
layer. The channel is exposed to the molecules in the surrounding environment,
which can chemisorp directly on a channel region. The chemisorption changes
the density of carriers in the channel and, consequently, its conductance. The
30 change in conductance is used to detect the molecular species (hence, the term
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30 change in conductance is used to detect the nol ecul ar species (hence,
the term Case 10003588 WD 2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 3
"chenFET"). ChenFET devi ces are described by, for exanple, A Barbaro et
al, Advan¥éu20p49089712al s, Vol . 4, pp. 402-408 (1992). [ OBOVUSHAE28068s a

si gni fi cantrr-mod3sesliogi cal opportunity for a transistor and/or sensor

el enent that is based on nolecular matgrials for its operation. 5

DI SCLOSURE OF | NVENTI ON [ 0008] In accordance with a first enbodi nent

di scl osed herein, a nolecular polarization-dependent device is provided

t hat incl udes organlc materials having 10 electric dipoles. The nol ecul ar

pol ari zat i osberapehaehheraeiT @éV'@Qﬁﬁﬁ@é@”bePMO@I exarla, AdBgearord@.on and a

drain regi Oﬂd\?ﬁ gamrapé;}ag Vé. @%I’momg {1ggg)on having a length L, fornmed on a
substrat e; ? ayer over the channel region, the

a nol ecul ar
mol ecul ar 10897 con%hﬁ%@l i8ganeigritaant deghaniogigala cRRAMUBIA e a dFFBISERT noi et y.

15 [0011] TARIG SBRYoriernaty tHitRls tiBedoll hidleRGlaF hiatdridléér iRbpafatibigast a portion
of the channel region. If the dielectric layer is present, then the

mol ecul a? layer is formed on the dielectric layer. If the dielectric |ayer

I s absent, then the nol ecul anisclLage/RE OSFIIVERTION t he channel region.
[0012] In accordance with a second enbodi nent disclosed herein, a tran- 20

sistor is provided, which also includes the organic materials having

el ectric dioes! es. Fhaccofdanse akwh st@Bﬁ:bbéiﬁ‘r%nt diSKdsth Herdin, & rhGlBESa T egi on
and a drain re I on separated by a chan- nel region fabricated from

sem conduct BR ar&at'@?ﬂ&?ﬁr@eﬁh@%’@dﬁ #rayided thatdnel Qfggnic yiaterals havingnge of
about 1360 @868 BipofeS! TRAMEBc@arpoRksFizAtnepshdsrt tevisdeonsdiigagiel 25 region

conprises a seni conductor material ;
[0009] (a) a source région and a drain region separated by a chan-

nel region having a length L, formed on a substrate; and
[0010] (b) a molecular layer over the channel region, the molecular
layer comprising molecules having a switchable dipolar moiety.

15 [0011] There may or may not be a dielectric layer on at least a portion of
the channel region. If the dielectric layer is present, then the molecular layer is
formed on the dielectric layer. If the dielectric layer is absent, then the molecular
layer is formed on the channel region.

[0012] In accordance with a second embodiment disclosed herein, a tran-

20 sistor is provided, which also includes the organic materials having electric di-
poles. The transistor comprises:

[0013] (a) a source region and a drain region separated by a chan-
. nel region fabricated from semiconductor or organic materials having a length L
within a range of about 1 to 100 nm, formed on a substrate, wherein the channel

25 region comprises a semiconductor material;

[0014] (b) a molecular layer over channel region, the molecular
layer comprising molecules having a switchable dipolar moiety; and

[0015] (c) a gate electrode having a width w within a range of about
1 to 100 nm on the molecular layer.

30 [0016] As above, there may or may not be a dielectric layer on at least a
portion of the channel region. If the dielectric layer is present, then the molecular
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[0014] (b) a nol ecular |ayer over channel region, the nolecular |ayer
conprising nol ecul es having a switchabl e di polar noiety; and [0015] (c) a
gate el ectrode having a width ww thin a range of about 1 to 100 nmon the
mol ecul ar W£,2804/00302[ 0016] As above, there may or may nBET/BERB/@IGBectric

| ayer on atp-hgeessés-i@a portion of the channel region. If the dielectric |ayer
Is present, then the nolecular Case }0003588 WO 2004/ 003972

PCT/ US2003/ 020068 PD-10003588-1 4 layer is formed on the dielectric

|l ayer. If the dielectric layer is absent, then the no- |ecular layer is
formed directly on the channel region. [0017] The nol ecul ar transistor,
conpri si nglayeijafirmewingne gielectic favee lfdbe dietectrigilaisr isabsart, Be’ H1ed8@d herein

has severa|ecaigygpéﬁ§ﬁo$?§%?fm(@ggﬁ|ﬂ%|ﬁ]a§ﬁg1rg@3,qluc- 5 tor and organic

transi stors S ensity nanoscale circuits; the gate
of the trafildlor hél'@eaﬁpletftﬁaidltahelétoif rAOMRSRiFE csgRNipBatelAs N ARE Det ween t he

source and 4l alcn,s §a@osd (ﬁl’i@%mgﬁls 3%§%a3| A P%‘glé@ ol éireibusPSeniédndaBPr oaches.

Li ke- wi se, 'sensors condtruct nponents wi |l have simlar
advant agestorcar@rorpammtraawstweﬁs%ﬁéltabiQ)fO[rmeﬂsﬁy neRescagrdEuS the a third

enbodi ment qdieSgh ﬁgné‘:%ﬁﬁ anaefﬁ?:f\?}lhﬂué‘hceWnQHé Q%uc%bébeﬁ\le%ﬁ thenC| udes the
organi ¢ nol ecu avin ectric ol es sensor Eﬁ)rl ses: 0019]

(a) a sour@@umeghdﬂrﬁhcﬁ@ ity herless @ﬁﬁ’%@kﬁ%ﬂ'@l"éﬂ'%?”&pem esnLiker egi on
having a | gpgt I d'% vgsoo O%Br?cg u%teﬁ%ﬂﬂmeslﬂfla@éb%ﬁonént%%lm&/e@‘fmnér@dvaﬁiagés a 15

substrat e; a nol ecul ar |ayer over the channel region, the
nmol ecul ar ONaWtOTéBrﬁQW@an nmol ecul es having a swi tchabl e di pol ar noiety.

[0021] ,4s ¥F:  t hahGcEBRarRE wWitha R eﬁﬁo&n@hﬁdnﬁ%sreu(he}eﬁw @rsefsoraé | east a
portion of e channel region. If the dielectric azl trl|c leé ?Irw]e t hen t he
nol ecul ar prowded which also includes the organic molecules having elec
sensor comprises:
{0019] (a) a source region and a drain region separated by a chan-
nel region having a length L within a range of about 1 to 100 nm, formed on a
15 substrate; and
[0020] (b) a molecular layer over the channel region, the molecular
layer comprising molecules having a switchable dipolar moiety.
[0021] As above, there may or may not be a dielectric layer on at least a
portion of the channel region. If the dielectric layer is present, then the molecular
20 layer is formed on the dielectric layer. If the dielectric Iayer is absent, then the mo-
lecular layer is formed directly on the channel region.
[0022] The sensor is tailorably responsive to various environmental pa-
rameters including, but not limited to, (a) photons, which cause the sensor to op-
erate as an optical sensor, (b) pH, moisture, chemical species, and biological
25  agents, which cause the sensor to operate as a chemical or biological sensor, (c)
temperature, which causes the sensor to operate as a thermal sensor, and (d)

pressure, which causes the sensor to operate as a pressure sensor.
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20 layer is formed on the dielectric layer. If the dielectric layer is
absent, then the no- lecular layer is forned directly on the channel
region. [0022] The sensor is tailorably responsive to various environmental
pa- ramet eV 310pE9082ng, but not limited to, (a) phot onsPCHHPWR/BAWSe t he
sensor to ppiooessede as an optical sensor, (b) pH noisture, chem cal
speci es, and biol ogi cal 25 agents, which cause the sensor to operate as a
chem cal or biological sensor, (c) tenperature, which causes the sensor to
operate as a thermal sensor, and (d) pressure, which causes the sensor to
operate as a pressure sensor. Case 10003588 WO 2004/ 003972
PCT/ US2003/ 020068 PD- RfIBBRRACRIBTIRRPEA HEEQRAVBYEEN OF THE DRAW NGS
[0023] FIG la depicts a prior art sem conductor field effect transistor
(FET); 5 [0024] FIG 1 b depicts a prior art organic F%& &0022% FIG 1 c
depicts a [0R3r art F@r dacdapiaty iacp['@'aﬁ%i%%?'gondP%OrzﬁfldF? ct fragsiglepi cts a
prior art 1 cal FET sensor; [0027] FIG 2 depicts an enbodi nent of a
nanonet er-scal’eé nol ecular FET [0028] FIG 2a depicts an alternate
enbodi mént [WR4FI G FIG1th denictop pAPran FoaeipFEfs an embodi nent of a
nanomnet er - nol I 5 ' . 4a-4b depict a
i@a\k}fny | gﬂﬁéﬂg ?effgd;f? gg%n a%ﬁo%l@&ﬁ@iarﬁ'it@@ p

copol yner | and trifluoro- ethylene in two known

different [#26ks, tHdGald depietns proTartyheryiedl FEUSENSBN (FIG  4a) and the
alternatin ns- h . i i ; F MODES FOR
NGadipns. 9aHeNe oL ah rtidhinits 81 d Rahohfeidr sodRImolbuIdEE

CARRYI NG E | NV . initions. [0031] The term "self-assenbl ed"
as used her{8028] r ef erfGt 2a depists g8 @itemate embodiment of FIG. 2;
10  [0029] FIG. 3 depicts an embodiment of a nanometer-scale molecular sen-
sor; and
[0030] FIGS. 4a-4b depict a copolymer of vinylidene fluoride and trifluoro-

ethylene in two known different phases, the all-trans (77TT) configuration (FIG.
4a) and the alternating trans-gauche (7GT G ) configuration (FIG. 4b).

BEST MODES FOR CARRYING OUT THE INVENTION

Definitions.

[0031] The term “self-assembled” as used herein refers to a system that
20 naturally adopts some geometric pattern because of the identity of the compo-

nents of the system; the system achieves at least-a local minimum in its energy

by adopting this configuration.

[0032] The term “singly configurable” means that a switch can change its

state only once via an irreversible process such as an oxidation or reduction re-
25 action; such a switch can be the basis of a programmable read-only memory

(PROM), for example. _

[0033] The term ‘reconfigurable” means that a switch can change its

state multiple times via a reversible process such as an oxidation or reduction or

by an electric field-induced mechanical motion; in other words, the switch can
30 be opened and closed muitiple times, such as the memory bits in a random ac-

cess memory (RAM).
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20 naturally adopts sonme geonetric pattern because of the identity of the
conpo- nents of the system the system achieves at least a local mnimmin
its energy by adopting this configuration. [0032] The term"singly

conf i gur abM®' 2008972t hat a switch can change its statePGHN§ﬂ@H%@WW|a an

i rreversi bpp.1gogeess such as an oxidation or reduction re- 25 action; such
a switch can be the basis of a progra bl e read-only nenory (PFKM@, for
exanple. [0033] The term "reconfigurable" nmeans that a switch can change
its state nultiple tines via a reversible process such as an oxi dation or
reduction or by an electric field-induced nmechani cal notion; |n ot her

wor ds, the 808} ch cdime3ernébistehiedas applierdeadmelaciepneans agadleclleh as t he

menory bit 004/ 003972
heT Woo0sT g4 Bedut TRENEN b E68gy esg%ﬂ%goosf{a AR by doénehgl it afen ) appl i ed
to a nol ecbegiancErsmalestledpay be effaer ifrgvarsiplyravitghed Epgp oneptagdpPdle st at es
separ at ed Q)Yhﬁ&?lﬁ@gﬁgﬂf g(J?ébl%‘Hr'ry\?érél919)SW|t9?é'drfhﬁﬁ ond B@itd'R) Be Whier (@Y be ei t her

i rreversi bl rom ne state’to the other (singly configurable) or
reversi nyOmegttfﬁd@I) fromone state to the other (re- 5 configurable).

[0035] M Cr[@(ﬁ' Ecal € IHcrB SR SintdRE oS réf@rsdionaﬁw%hQiBﬁs thRtrah@ &8mf 1 om 1

m cr onet er few mcroneters in size. 36] Sub-m cron scal e di nensi ons
refers to dnintomsierie atfewtmiergmeders invsize. 1 m crorreter down to 0.05

M T OMet &1 oqst) [ 003l MRAGHTELR aifeRlsiond heTBiaSs @iiferisRhS fitatirangd fEansi ons t hat

range from nanoneters to 50 nanometers (0.05 mcroneters). [0038]
M cr on- scalemigremetabdevet t9r0.82 Alieomeiess refers to rod or ribbon- shaped

conduct;grs [66375€™M CORSHYH AESscMd BmbheibAsS rédrs % BffrRIohs MRt iraxge! fitsn di -

0.1 nanometers to 50 nanometers (0.05 micrometers).
[0038] Micron-scale and submicron-scale wires refers to rod or ribbon-
shaped conductors or semiconductors with widths or diameters having the di-
mensions of 0.05 to 10 micrometers, heights that can range from a few tens of

15 nanometers to a micrometer, and lengths of several micrometers and longer.
[0039] “HOMO" is the common chemical acronym for “highest ocqupied
molecular orbital”, while “LUMO” is the common chemical acronym for “lowest
unoccupied molecular orbital”. HOMOs and LUMOs are responsible for elec-
tronic conduction in molecules.

20
Prior Art Structures.
[0040] As shown in FIG. 1a, the prior art semiconductor FET 10 com-
prises a source region 12, and a drain region 14, separated by a channel region
16, formed in a semiconductor substrate 18. The source and drain regions 12,

25 14 are of the opposite dopant conductivity as the channel region 16. A dielectric
layer 20 is formed on the surface of the substrate 18, between the source and
drain regions 12, 14, and a metal gate 22 is formed on the dielectric layer. Con-
tacts (not shown) may be made to the source and drain regions 12, 14. Applica-
tion of a voltage to the gate 22 controls the carrier (electron - hole) flow between

30 the source and drain regions 12, 14.
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mensions of 0.05 to 10 m croneters, heights that can range froma few tens
of 15 nanoneters to a mcroneter, and |lengths of several mcroneters and

| onger. [0039] "HOMO' is the common chem cal acronym for "highest occupied
nol ecul ar BiI004003972whi | e "LUMD' is the common chem cal PEBUSININAEE " | onest
unoccupi edppipo@Gaslar orbital ™. HOMOs and LUMOs are responsible for elec-
tronic conduction in nolecules. 20 Prjor Art Structures. [0040] As shown in
FIG la, the prior art sem conductor FET 10 com prises a source region 12
and a drain region 14, separated by a channel region 16, forned in a ’
sem conductor substrate 18. The source and drain regions 12, 25 14 are of

t he opposi {@4tiopant Ascstouat in\iIBy 1asthetrsioc AErmiganie E@l ohi0LEPMPKisgE @ ectri c

| ayer 20 is forne h

and drain ?Lérﬁ? {ﬁggori&é%ﬁq QHFJ &{ Ht4 BOtw%é g@rreecgﬁ%ﬁﬁ?ﬂgbgle;gg[ ??c
| ayer. Con- Théaicala:tr(mlayerghdwnys fmmeb@nrﬁagﬁeﬂﬁthié Oﬁlﬂﬁ\f%'éY%fn‘Hecﬁeﬁﬁh r egi ons
12, 14. App'ﬂﬁ%ﬁ]e) @e fd Braf? etg?cglg 1t’|2e1i Jﬂ?aﬁdﬂs&vgg ag%g Ednhel fagioRar rier

(eI ectron - ow bet wee source and drain regions 12,

14,

Sﬁiﬁn 10(202?»2%\{\@;2@@%0@@9\7@@@1:1 182081 2200WR|s EndugenesBRugh e [ 0041] As
I [ T

112 and a QTN PR EphaEer e A8 S8 A e b e e e S020.° The

di el ectric [beger in AsshownsinfrdGniel tMD@prga&f@erngctrmﬁ EQrZ/rGoapniss®r 116

sepa- 1 age%g%$ﬁcesgeg%fr} gz?da% ISH'Z‘?ESaﬂdl% ch]aﬁﬂelar%gloﬁeﬂeeﬁle%‘bel he channel

regi on. on o volta he gate 122 control s

conduct ancetwedm dergtedtihe semgmﬂuctqraybﬁira el%“bé't‘ wasa of e dislgrEie 13Y8E dr ai n
regl on 5;& e defiHédaubr T‘E‘?’W’% ﬂeﬂoé‘_légﬁnc 1§yert2b@ iDluk8d t@sbpdrater del ectric

FET 21 'seS ~a source region 212, a drain region 214, and

regi on 216 datee22bfeom the channel reglon 216. g a channel
[0043] As shown in FIG. 1d, the prior art chemFET 310 comprises a
source region 312, a drain region 314, and a channel region 316 therebetween,

formed on an insulating substrate 318. Adsorbed molecules 324 are chemi-

15 sorbed directly on the channel region 316; their presence changes the density of

carriers in the channel and, consequently, its conductance.

The Structure of the Devices of the Present Embodiments.
[0044] Turning now to FIG. 2, an embodiment of the present transistor
20  structure 410 comprises a source region 412 and a drain region 414 separated
by a channel region 416. Preferably, the channel region 416 comprises a semi-
conductor. A dielectric layer 420 is formed on the channel region 416, between
the source and drain regions 412, 414, and a gate 422 is formed over the di-
electric layer 420. However, compared with the conventional transistor structure
25  (FIG. 1a), an extra organic layer 424 is inserted between the gate 422 and the
dielectric layer 420. The dielectric layer 420 may be needed to eliminate the in- .
terfacial charge between the semiconductor (channel region 416) and the or-
ganic layer 424. On the other hand, the dielectric layer 420 may be omitted if
the surface charge can be eliminated by some other method, such as direct
30 bonding between the molecules and the semiconductor. In that case, the mo-
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tween, fornmed in a sem conductor substrate 218. In place of the dielectric
| ayer 10 20 of the sem conductor FET, a ferroelectric |ayer 220 is used to
separate a gate 222 fromthe channel region 216. [0043] As shown in FIG
1d, the prwor20e¢@03¢RentET 310 conprises a source regi oRCBURZ00H028¢68i n
regi on 314pp.apds@.ichannel region 316 therebetween, fornmed on an insulating
substrate 318. Adsorbed nol ecul es 324 are chem 15 sorbed directly on the
channel region 316; their presence cheanges the density of carriers in the
channel and, consequently, its conductance. The Structure of the Devices of
t he Present Enbodi ments. [0044] Turning nowto FIG 2, an enbodi ment of the
present tr moslasiager 4220s sormect ditestivianthechennelgegian 436 aseshosiio @12 and a
drain regi o0 414 separated by a channel region 416. Preferably, the
channel regi'on 416 conprises a sem - conductor. A dielectric |ayer 420 is
formed on {t0éSjchannéi additproto thedorepeingusiéiferendecireyn (e eriginart HARSINOT egi ons
412, 414, g 422 i i ' 0.
rovever " copitetBfind falol drRIATES URF e alisoPlsTbie P UBAEL. o 1),
an extr& oheain is at ageometers¢aleiithe langdd- aed hickneshw Qjdhegale Araeeh he
dielectric, . ielectric layer 420 may be needed to elimnate
the in- te}yj\‘tggl?éaqg%icﬂgrtégggglt"ﬁeen the sem conductor (channel region 416) and
the or- gai00d6]l ayer E4armpleSroftshisakie Histectiicnmateripls amripyes: ipjtee pragice 420 may be
om tted If o {eySHLAGRLGAREAS GbRE MR ABLEE, bit seMotGifier ©Et hod, such
ondin et ween u

as direct 30 g he nol ecul es and the seni conductor. In that
case, the 18Iz Gisa, MyT3ICHB, WSIQLCAPE0BSR? HRIPHUEA 0 31192008%: BB 10003588- 1

8 |ecylar e 4n] directly on the channel region 416, as shown
in Fl Glio 2(!1‘%3?3033 & ?%é,a%‘g{'ﬂ?g.n to the foregoing difference fromthe prior

art transistor structure, another major difference is that the transistor
di scl osed amgo&! ai ned

[0047] | When a voltage Vg is applied between the gate 422 and drain 414,

molecules with dipole moments under the gate can be polarized. The gate volt-
15 age Vg and the top surface potential of the semiconductor, s, are related as fol-

lows:

[0048] Vg - (l)s = 'GS/C -P dm/(eo 8m) (1)
20 [0049] where C is the capacitance given by

[0050] C=(1/Cm+1/C)Y",

[0051] where

25 [0052] Cm =€0 €m / dm
[0053] and
[0054] Ci=eog/d

[0055] where e is the dielectric constant of the molecular layer 424, dy, is the
30 thickness of the molecular layer; g is the dielectric constant of the dielectric

layer 420, and d, is the thickness of the dielectric layer. The polarization of the
Case 10003588



5 herein is at nanoneter scale; the length L and thickness w
: ; of the gate
are each in the range of 1 to 100 nm [0046] Exanples of suitable °

dielectric materials enployed in the practice of the variou [
_ _ s enbodi nents
di scl osed W& 8p4i003972] ude, but are not limted to, Si02PCHUIDG/02NE, CaO,

ZrSi 04, Zr02..%293. HiSi 04, Y203, H02, Si3N4, SrQ ’

: 000 r 10 La203, Ta203, BaQ,
and Ti 02. P%ﬁleory [0047] When a voltage Vg is applied between the gate 422
and drain 414, nolecules wth dipol & moments under the gate can be
pol ari zed. The gate volt 15 age Vg and the top surface potential of the
sem conductor, 4s, are related as fol- |ows: [0048] , = -65/C- P

dnt (sO Err)mblbbulaﬂﬁly{eIOMQ]s Rvhehieh i€ @ Bunttian Qfatba@etoa'm@lgﬁv@ﬁf th¢ MiB050]
o( 1/ Cme1/ C 5 re 25 d d
St e e
L?g?;cfrzﬁcregmsb?tstthé chafyet diér&k*lessamb ihHize sein@ontiactord layerr416ESiNCe t he
onst a
e ot € LoRe LN oL 310 FLBISELE ek JE gt choess
3\1*2'021{10?29;8? Egg[(nmﬂ@?ht@ﬁaﬂﬁ‘l&rgmtﬂ@m@! layerisietaecul ar | ayer 424 is P
unction 0 ’
electric f1085% E an&® P?aé‘?eﬂ fe"’gﬁg %e?%?ﬂ“i% %}gé?? {nlaizé? Ishl”ﬁﬂecﬁli gy%é?‘];mglhe
rS Ieﬁr ese ?L Shé\reelafdaaa@eleiaomem duerto &redargerdisiaceswent obprsifiye and |n§9@-r 416.
confgct ede n?re(egr?’alégé ate §&lie Aaty'% FRIRER! @h NAYS dpérk AéRedtidrect |y

few Debye (~3.3x10°%° Coulomb-meter) within a small molecular volume (~10° 29

as

10 md). If well-aligned, the polafization of a molecular crystal comprising an array of
polar molecules, can reach the order of ~0.1 C/m?, comparable to the best re-
ported ferroelectric solid state materials. As calculated from Eqn. 1, a molecular
thin film with such a polarization and a thickness of ~1 nm will generate a sur-
face potential on the semiconductor ¢s larger than 1V, which is large enough to

15 influence the conductivity of the semiconductor under the gate (see the following
for device analysis).

[0057] A ferroelectric solid state layer generally consists of regions called
domains, within each of which the polarization is in the same direction. The do-
mains usually appear when the bound charge created by the polarization itseif

20 at the surface of the ferroslectric is not fully screened by highly conductive elec-
trodes at the top or the bottom surfaces. If the electrical screening is very good,
the domains may still appear in a ferroelectric epitaxial film because of misfit
strain appearing dus to different lattice constants of the ferroelectric film and the
substrate. The known molecular ferroelectrics are “soft” materials and may re-

25  lieve the stress because the molecular chains are loosely packed together. in
this case, the molecules can stay in a monodomain state and be switchable

when the size shrinks down to nanometer scale.
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5 be assunmed that the net charge in the nol ecular |ayer is zero. [0056]
Conpared with ferroelectric solid state nmaterials, nolecules can have

| arger di pole nonments due to the | arge di spl acenent of positive and nega-
tive chargWaWo4003%Rkecul e. Usual ly, a nol ecul e can havePal/HPP8YEMMent of
a few Deby®idogsssk.3X10- 30 Coul onb-neter) within a small nol ecul ar vol unme
(.10-29 10 m. If well-aligned, the p%l ari zation of a nol ecular crystal
conprising an array of polar nolecules, can reach the order of -0.1 C n2,
conparable to the best re- ported ferroel ectric solid state materials. As
calculated fromEgn. 1, a nolecular thin filmwth such a polarization and
a thi cknesApplfcatidnsam wi I | generate a sur- face potential on the

sem conduct or 013 ggélehlaﬁgluhﬂ}éMmgwﬁaﬁséﬁf ge enough to 15 influence the

conductivity of 't Sem con ate (see the followng for
devi ce anal0pss]s) . [Gmﬁmomzamnr@acwt amdfownag@wﬁakféﬂq myleculgel¥eial Iy

consists of,} agh as v@ﬁhé@gﬁ%g&]r Whothk BE aﬁgﬁﬁﬁ@rpéle&ﬁé ﬁ@ldtﬂw&éﬂ arization

is in the arredre mal Ns fﬁa@ear when t he bound
char ge Br ettteegathbyd22handpthieasemicaridueior tayer ﬂ@@loaﬂ diffpsend firegiso Aftehe

ferroel ect Eliehelbg ?‘ﬁ[aldfiglré ovdd! ﬁ@‘@%ﬁ&tﬁb %Biaﬁzé‘t%%@ﬁé MeleRlE taybf odes at

t he top or tom SUI’ aces  ectrical screeni ng IS Very good
§

t he domai ng2frewill sempain @IM)E‘(QNGRQQ thefdansite PRE ttyRe: Ob et GaETelP | ‘F?n"lf'ecause of
mstit SUSBhiboARRAAT DG 218 il i iplsel el df@nEoARbaN R Surtse

ferroelectrrc m an trate. known nol ecul ar ferroelectrlcs
are "sof t" 4n@tandidrhiy 4idd AR t'PQaCQ'BBﬂt-l @9(4“‘?'%“'%& plrZafiit Wiken PR&Sol ecul ar

chai ns ,are J,0088) ¥ RAGKGHa .%%&hﬁrs s.Mlart&meSFmssT sevitiohemslezs- can stay

in a rmnodgrraln state and rE)e sw tchabl e when the size shrlng% own to
nanonet er sardbyer 424s éhel sigen gbBe\I8Vvired e OWiGh SMEte 389 At BEEISS™

PD- 1000358§;h, &é)nsut{?‘ﬂghéé‘c%?e'dﬂ'@@ts 1. Nanoscal e Non-Vol atile Menory
Transi stor.

2. Nanoscale Transistor with Gain for Logic Applications.
15 [0059] When a conventional transistor 10 is scaled down to nanometer
scale, the subthreshold current remains the same; however, the surface poten-
tial for the onset of weak inversion does not scale. Therefore, the transistor 10
cannot function anymore; it will lose voltage gain, which is crucial for logic appli-
cations. The molecular layer 424 with a ferroelectric dipole moment between the
20 gate 422 and semiconductor layer 416 will reduce the subthreshold voltage by
~P dm/(€0 €m), based on Eqn. 1. Large gain will occur in cases where the spon-
taneous polarization is large, >102 C/m?, and the dielectric constant is relatively
small, e.g., em = 1 to 100. With the molecular layer 424, if the thickness of the
dielectric layer 420 can be reduced or removed, then the molecular electric di-
25 pole moment increase as a function of the electric field, resulting in a higher
value of dielectric constant e, compared with &, and a larger value of the
capacitance C in Egn. 1, eventually leading to larger ¢s and the gain. Therefore,
the molecular layer 424 with a large electric polarization P will increase the gain

of the transistor 410 when it is scaled down to nanometer size.

30
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[ 00581 The pol arization direction and/or magnitude of the nol ecul ar | ayer
424 can be switched one way or another by applying an electric field
between 5 the gate 422 and the sem conductor |ayer 416 al ong different

di rect i onsWOR00440397Re el ectric field is renoved, the fePEBHEFWEY(2DS

pol ari zat i g 09d3sdshe nol ecul ar layer 424 will remain and influence the
density and type of the carriers insige the sem conductor |ayer 416, which
wWill in turn set the current between the source 412 and drain 414. From
the current, the nolecular polarization witten by the 10 gate 422 is
detected and read. It is simlar to the FEMFET, but wth the nolecu- |ar

| ayer 424, the &iSessoref the devices are nuch smaller, and thus suitable for

hi gh- densi anosc (o} in for
Logi ¢ Appl k(}?g(ﬂl ons. 9\@. F%@éé}lﬁ{%ezzn F(I;I n@%ﬁuﬁgﬁ{?&@?ﬁlg{eﬁ&éﬁ@lﬁql s scal ed
down to naandretain 414 cah efil bamﬂy&b@eﬂr b&sﬂtﬂ relarizetiemof enapiesuiehd2%anme;
however, 1 Qg R4 nqﬁﬁm |Rﬁje?1@ed[> rg/{roﬁrhgnto*?ﬁ§bolgﬁzéﬁ%ﬁ‘éah PE¥Rh&hgEd does not

scal e. There ore ransi s cannot function anynore; 1t will |ose
vol t ages gaby phetbhs bnd theirrintensity; a?oa comquemmedqyw@.faﬁw" PRI A cul ar

| ayer 424 1 Iedia It%r%?m&él%n%rgﬁérﬁ 422 and
sem conduc otoB '%'é‘?ﬁ{?ge‘lh% dr&aﬁi e su thrgshol d voltage by -P dm (eo

Em), basedsuch EsmH vglueLmog@Jrgmhemal |sp@>%% and pidiegical elgmands. €ife &hon-

t aneous pol | i tdlisengpnstant i s
rel ati velo a%ohé%deﬂee fhe da\r"ggmgw{)%pe%vt\?%s afqeﬁe’ertr}lgged(i:iuulﬂialfgi aS rr] 424, if the
t hi ckness d'hetphkarlzaﬂoal C@Gthel ahanggeby ippIpecaiirenas ASQNRRRYenre: rt R4 then the
ol ecul, gr ﬁ{nf’%érbfé A a %%rﬁ%l @eriEBF'BFHe poM&ZB86€ cAF ba chamfdd Hnemirohhe el ectric

field, res val ue of dielectric constant smconpared with
s;, and a |nw@erpre%auce Q@ﬂSQ%m%éba&et"&ﬁd’@“ CPPIRteEgR @ eSO v I eadi ng

to |arger g Y e e-ﬁbﬁérﬁ'ﬁél{t% thetr@@y mﬂu@ﬁa@ltaé pbwmtnoﬁatm th a large
el ectric po At 2ati o I ncrease of t% nS| sb&r 410 when
it is scal eeplerigs 424 ﬁsﬁ*@ﬁ@t@nsgi 0 "@b"@é( ‘zﬁ?éd%fs’g (RS’&? 3972
PCT/ US2003/ r{?gé%g@such a change.
15
Fabrication.
[0061)] The semiconductor material employed in the fabrication of the

transistor 410 or sensor 510 may be any of the common semiconductor materi-
als, including, without limitation, C, Si, Ge, GaAs, InP, InAs, GaP, AlAs, AlISb,
20 GaSb, InSb, InN, AIN, GaN, etc. Carbon is included in this list based on the fact
that carbon nanotubes exhibit semiconducting properties.
[0062]) The nanoscale semiconductor structure 410, 510 can be fabri-
cated by self-assembly methods, such as carbon nanotube (see, e.g., C. Zhou
et al, “Modulated Chemical Doping of Individual Carbon Nanotubes”, Science,
25 290, 1552 (2000)) or Si nanowire grown by chemical and physical methods
(see, e.g., A.M. Morales et al, “A Laser Ablation Method for the Synthesis of
Crystalline Semiconductor Nanowires”, Science, Vol. 279, pp. 208-211 (9 Jan
1998)).
[0063] The nanoscale semiconductor structure 410, 510 can be fabri-
30 cated by growing a two-dimensional semiconductor layer 416 at first, and then
using nanofabrication processes such as e-beam or imprinting lithography to de-
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PD-10003588-1 11 3. Sensors. [0060] Wthout the gate 422 (FIG 3), the
current between the source 412 and drain 414 can still be influenced by
the pol arization of the nolecules 424, which is in turn influenced by the
envi r onmenWo0 20hE00RYRar i zati on can be changed 5 by phot oRET/HRWOT 8968

I ntensi ty; pBSo@sseQNSequence, the device 510 will operate as an optical
sensor. The pol ari zation can be chang%j by its chem cal environnent, such
as pH val ue, noisture, chem cal species, and biol ogical elenents, etc.; as
a consequence, the device 510 will operate as a chem cal or biological

sensor. The polarization can be changed by tenperature: as a consequence,
t he devi ce fine thé hanospale stracters (see.regadtephenyoChoties ab oy iiiafashanbd- can be

changed by &bt of RERtislCRFERSE Wigon  RBRAAURIIATY, pb.B35XA @O Juhe | operate

as a pressure s mlarly, angli ng the environnment to thereby
i nfl uence t282pol ari zation of the nolecules 424 creates a sensor 510 that

may be useﬂoéal det ofnctiBlocBBS R EH H24 GAPBS Yihetls)\sdh S1RRBRG heth:

Fabricatio 0061] 'The sem conductor nateri al nl) oyed 1 n the fabrication
of the 5tradsi itwhichihe roolecwas attadhl® the widkctimiayer 42ther sBnRYHUSOR conduct or

teri- als i ) » L P LAt Lag. . P, I nAs,

gP?rlAl A? , %Xﬁé%h%wg%weldéggﬁgItd?]ﬁrﬁﬁﬁ ?\ll,egbcﬁﬁkegmo.l&%?rrbon, is inncl uged in

this |ist He8ESH on tThe Matacular Hayerc4?4ean e frmedsbiekAngtir-8asednduct i ng

properti es., bf0e2]in WM R0RGRLGeS G5k AN pcked ayer uf Airdtdhd AR can be
y's y met hods, suc

fabri- cate el f-assenbl ch ‘as carbon nanotube (see, e.g.,
C. Zhou ettragisfer tovhewliciecit Iatient20-0r i pemigorsucton §HiacaAl®- Car bon Nanot ubes”,

Sci ence,, Zg[géo%?’e_ ;‘55?%( Kﬂ%%(\x%par ﬁéye$i42'3f VWb GorfHe@VHYy MermResidpatatisRd physi cal

met hods ™ ( rales et al, "A Laser "Abl ation Method for the
Synt hesi s oheth@isstal | i ne Sem conduct or Nanow res", Science, Vol. 279, pp.

208-211 (9 [‘33‘0“7] The molecular layer 424 can be formed by spin-on techniques.
[0068] The source 412, drain 414, and gate 422 can be fabricated with
conventional semiconductor processes and by using nanofabrication processes

15 such as e-beam or imprinting lithography to define the nanoscale structure (see,

e.g., the Chou reference above).

Molecules.
[0069] The molecule employed in the molecular layer 424 has to include
20 a switchable dipolar moiety. Preferably, the molecule includes a bi-stable
switchable dipolar moiety. The bi-stability is optional with non-memory applica-
tions, such as logic and sensors, but is required for memory applications.
[0070] One embodiment of a molecule having a switchable dipolar moiety
is the well known molecular ferroelectric, PVDF (polyvinylidene fluoride, (CH2-
25  CF2)n-(CHF-CF2)m) molecular random copolymer, which can form Langmuir-
Blodgett films. PVDF is a linear fluorinated hydrocarbon built (CH2-CF3) units
with spacing 2.6 A, as shown in FIGS. 4a-4b. below. The PVDF chains have a
net dipole moment, pointing from the electronegative fluorine to the electroposi-
tive hydrogen, producing a net dipole moment nearly perpendicular to the poly-
30 mer chain. These chains can crystallize in a quasi-hexagonal close-packed
“beta-phase” structure with parallel dipoles producing a polarization P=0.13

Case 10003588



1998)). [0063] The nanoscal e sem conductor structure 410, 510 can be fabri -
30 cated by growi ng a two-di nensi onal sem conductor |ayer 416 at first, and
then using nanofabrication processes such as e-beamor inprinting

| i t hogr aphVQ ¥04303se 10003588 WO 2004/ 003972 PCT/ US2088Ty31998%0068

PD- 1000358&pliododsssfii ne the nanoscal e structure (see, e.g., Stephen Y. Chou

et al, "Utrafast and di- rect inpri nt13of nanostructures in silicon"

Nature, Vol. 417, pp. 835-837 (20 June  2002)). [0064] The nol ecul ar Iayer

424 can be formed by self-assenbled neth- 5 ods, in which the nol ecul es

attach to the dielectric |ayer 420 or sem conductor surface 416 with
stabl e bondiMiy Rading @ingh evitchiheearp floreoynarriing arlanggy@ectric Gelg=erngs nol ecul ar

layer 424 cafhao tiod BRSNS leRBGE e d?édﬁéﬁ%? Folaf@tlhﬁdﬂ'ie fefhpehitGe drhe

mol ecul es forma cl ose-packed |ayer at firs hen transfer to the

di el ectric thaypéfaemlcofﬁ"?ﬂécﬁéWE%HE’&%‘W ig PMRAcis abore B aneldissisThe

mol ecul ar & FhefedbreLMOEOLIBIES Y fdrRIRc RypRashbRNperfdinb@ds. [ 0067
The nol ecul?}f [51 ere424ecar? be fo?mad by spllcn&gn tech nﬁe‘es E3068][ The]

source 412, tharcapqﬂymm PR - [ra€e Whioh é%r%éomeH?PP'é!ﬁFéHOW"PW enSHMNENt i onal
sem CO”dUCtﬁH Bﬁd’%ﬁxé?o%t%ebﬁo%rh@& wmﬁl%traawecaimpom( OQEsFeSF}n such as

a-beamor inprinting litho define the nanoscal e structure (see,

e.g., the CTR%C‘PF&)@F%!ﬁd/@thagQ)@é)r 'e%TEE(ﬁJP’@Sfe"OF'G%Q] thoue MM e Eenpl oyed

in the mol eﬁd!ér?ﬂatn&@ﬁﬁ(ﬁ trarétidtentperatifdsU B8caugd s8me W tied ajdregeh @omgr noi ety.
Preferably, the nolecule includes a bi-stable sw tcha?lq(? ﬁl pol ar noi ety.
t

The bi - st ab®™ei Eplaced gyt Guenneyiresucih hae Bt FIPQIFHMamen PAYM$ as | ogic
and sensor Sghad Spbin [RAMrRAIME reVBIIMPAPId 2dtidlut @ ahs)ORFroelectric swntchlng,

which depends on the electric field and film thickness.

[0071] The P(VDF-TrFE 70 : 30), which is the most studied copolymer,
has a maximum spontaneous polarization of P=0.1Cm™, a first order ferroelec-
tric-paraelectric phase transition at T.=100°C, and a large temperature hystere-

15 sis. In the phase transition, the structure changes from the ali-trans (7T777) con-

figuration arranged in a dipole-aligned structure (FIG. 4a) to the alternating

trans-gauche (TGT@) configuration arranged in a nonpolar structure (FIG. 4b). .
The copolymer also has a slightly larger unit cell than pure PVDF, owing to the
replacement of some of the hydrogen atoms on one side of the chains by the
20 larger fluorine atoms. High-quality thin films of ferroelectric P(VDF-TrFE 70:30)
were fabricated by the horizontal Schaefer variation of the Langmuir-Blodgett
monolayer transfer technique. The ferroelectric LB films are polycrystalline with
randomly oriented regions of parallel-chain crystals. The ferroelectric LB films
have a strong first-order bulk ferroelectric phase transition, and complete re-
25  versible polarization switching below T. =80°C, [The foregoing description fol- -
lows L. M. Blinov et al, “Two-dimensional ferroelectrics”, Uspeckhi Fizicheskikh
Nauk (Physics — Uspekhi), Vol. 43, pp. 243-257 (2000).]
[0072] Other examples of a molecule having a switchable dipolar moiety
include the molecules illustrated below. These polar molecules have bistable
30 polar groups which can be aligned by applied external electric field. Those
molecules can have desirable characteristics for the realization of present
embodiments and are shown as an illustration of a design used tacgenerats §ise



[ 0070] One enbodi ment of a nol ecul e having a switchabl e dipolar noiety is
the well known nol ecul ar ferroelectric, PVDF (polyvinylidene fluoride,

(CH2- 25 CF2)n- (CHF-CF2) m) nol ecul ar random copol ynmer, which can form
Langnui r BMS22084/003972l ns. PVDF is a |inear fluorinated hy@Tds2008029048ui | t
(CH2- CF2) wRiiboeassgM th spacing 2.6 A as shown in FIGS. 4a-4b. below. The
PVDF chai ns have a net dipole nonent,, pointing fromthe el ectronegative
fluorine to the el ectroposi- tive hyd?%gen, produci ng a net di pol e nonent
nearly perpendicular to the poly 30 mer chain. These chains can crystallize
in a quasi-hexagonal close-packed "beta-phase" structure with parallel

di pol es pr ediodimenis pod ard shownoss #n-lustatioceta design 3ses togerenda tip 3972

PCT/ US2003/ R 0%598 I t re done by
appl yi ng arﬁﬁggg f H;enc EJ%B%%ag%Ph%Q%ﬁ?é%pQOQQﬁéﬁﬁﬁéﬁﬁgp?%ﬁreverse

t he direct inakeathe myumgezahqndsn birding dippipaetar tn staiar (bagiwone part of the

parael ect r 'rﬁol&&ﬁﬁﬁo?ﬂm BhFle? nﬁ)éyaég tel%ﬁ i eaa ttc# B? in EheDPéHEe'oSz fPOweV hsd Mel ting

tem perature ere ore, erroel e€tric properties were
per f or méd manBetvaded by oapiows eorppogitiony of-tp, melpewes. sirealien RYGIRISCUPNE yer s of

nyl i dene r ¢ re
(b i) n <omRiqp 5BRe igpiiho UEBARLM, KR TRIGER st e haaer,

f err oel ect rand, smadlieugideting temmaty@jfor gipplerarouns whermingre isansinterasHon
t enper at ur %Cmésﬁgél@g%noélﬁérjéﬁt h%ﬁarcglgg'bf%t fideledfrie t?ﬁ@"ﬁ%eﬁiow-t h

fluorine, reducin pol e nonent of the poly 10 chai.ns. Spun
pol yneri c qulmanMﬁerﬁdFHYCﬁf‘(%?ﬁQmF' f@'@rﬁ’)ﬂﬁ‘élPQrtS@TQS’é'PIf‘?rﬁoeé%t’tcc‘Hf"?fg whi ch

fiepe“dslvag“ 6 $n6UiE b Idis3eRVefl il cAebibhAITaed fpuEsuIar ks, FagembiF- Tr FE 70

30) nost studi ed copol yner,  has maxi nym spont aneous
pol ari zat i dhegtlePDepardling ondhese parap1etRss, ngr F%P@Yﬁ'oﬂ VPlgtiBANY Msctri ¢

phase tran " Jtions HP OSrioldHol8cli@ YStei@nper at ure hystere 15 sis. In
t he phase ts\f&één@?%ﬁ Iqtnhe st roucture chasgges fromthe all-trans (TTTT) con-

figuration arranged in a dipole-aligned structure (FIG 4a) to the

al ternating
HS\/D\ j[ IF,G\/SH

15  [0073] where the letters in Formula (1) are defined as follows:
[0074] A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester,; _ |
[0075) B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-
amide; C-ester or thioester;

20 [0076] D, G=C;
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trans-gauche (TGTG configuration arranged in a nonpolar structure (FIG
4b). The copolynmer also has a slightly larger unit cell than pure PVDF,
owing to the replacenent of some of the hydrogen atons on one side of the
chai ns by We2004008%2ger fl uorine atons. Hi gh-quality thPETAPI0AE028¢68

ferroel ect repaodd§s¢Pk- Tr FE 70: 30) were fabricated by the horizontal Schaefer
vari ation of the Langmnuir-Bl odgett POl ayer transfer technique. The
ferroelectric LB filnms are polycrystallTine with randonmly oriented regions
of parallel-chain crystals. The ferroelectric LB filns have a strong
first-order bulk ferroelectric phase transition, and conplete re 25

ver si bl e pdVF] Eat ot N -slsk aleaenuCTOBGCOR (el G BgbIoRgetGor i pt i on
fol- | ows Lam% Cﬁbbt@%rlﬁ?oe@ier " Two- di nensi onal ferroel ectrics", Uspeckhi

Fi zi cheski kh pit sICS - pekhi), Vol . 43, E 243- 257 (2000) ]
007 e OBk By o RG-Sk Clmasni VoG OB B B B e Sl o1y

i ncl ude theanﬁT@é@'éEt%?oh‘hl rrat ed bel ow. These pol ar m)l ecul es have

bi stable 30 pol ar oups iIch can be aligned by applied external electric
field. 15hosI@07r9bUecG?b§ SaplkpWatehaegeni &HPH; @R@é‘mﬂ Rétsiopther) ke

realizati orhnqae@ggt%pgrthﬁ;@@ql ments and are shown as an illustration of a
design used t WO 2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 14
enbodi ment do%%gKa'r @"Eﬂ%\/ﬁralﬁl &nhalegens Cratl 6nOBfethert sSRthigsterk 6-generat e

the nol ecqngge@eg@pgf@geste}'he ener gy barrl er is given by the energy to
break and make the hydrogen bonds bi ndl(yg FOl e rotor to stataor (backbone

part of thd00&HbME ;. CFen & Qe GHQHankyf i @R e=CH K reHE $e range 0.2

to 0.6 gY adN? KRINEORY8F NedApy various conpositions of the nol ecul es.
Smal | er barriers would correspond to shorter lifetime of particular

conf or mat i dA%f2] & A HitrogRe: RISSRRATYNS Or BAWNs el | er ordering tenperature for

di pol e groypgssyRenotdies:@nys an interacti on bet vveen the di poles on
different nol ecules of a ferroelectric t | e- cul es can be ordered

by an ext er[8ef4] & B Ri(H:ltyDa NP fRRindRdusH HBeP@&@Rc%%R €0R-Ng shoul d
be obser vednhiBgéncRRUIVARANRIORSS Nit-spar ticul ar systems, rather than

15 [0085] The foregoing molecule is disclosed in application Serial No.
09/759,438, filed January 12, 2001, filed in the names of Alexandre M.
Bratkovski et al, and entitled “Bistable Molecular Mechanical Device with an Ap-
pended Rotor Activated by an Electric Field for Electronic Switching, Géting and
Memory Applications”. In that patent application, nanometer-scale reversible

20 electronic switches are provided that can be assembled to make crossbar cir-
cuits that provide memory, logic, and communications functions. The electronic
switches, or crossed-wire devices, comprise a pair of crossed wires that form a
junction where one wire crosses another at an angle other than zero degrees
and at least one connector species connecting the pair of crossed wires in the

25 junction. The junction has a functional dimension in nanometers, wherein at
least one connector species
[0086] Further embodiments of suitable molecules include molecules in
which the backbone can contain (a) more than three fused benzene rings, (b) 5-
membered rings, (c) 7-membered rings, (d) saturated rings, and (e) other satu-

30 rated and unsaturated groups, supporting the dipole group and/or constituting
parts of the backbone of the molecule.
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the rul e.

Dependi ng on those paraneters,

one can devel op volatile and non-

vol atil e applications of various nolecular systens. BAMK~J HS E Q F%

SH HS OOSH Z O 15 [0073] where the
as foll owsWQEOFAPIR = CH, N, Cal kyl;

G SR(t hi oegﬂwf%a%%q am de; C-ester or t
C-hal ogen; ; CGOH C- OR(ether); GC SR(f.h
t hi oester; 20 [0076] D,
PCT/ US2003/ 020068 PD- 10003588-1 15
COH COR(ether); G SR(thioether);

F
am de; C-ester or. t hi

C- OR( et her P1iSEE &gl

C-

r@(ﬁ%é}tﬁ sp%gLeQ Wa?hag

CH N, C- alrhy hioldculankpeces |s@epine$er®cﬂa( ’@EH@IH)Ula C- SR(t hi oet her) ;
[0081] M= CH2; CF2; CCl2; CHOCH3; CHOH CHF, CO

C-ester or thioester;
CH=CH, CH2-CH2; S; 10 0; NH NR NCOR
phosphorus; or boron;
OR SR 5CHR— NHR;, CHR- OR; CHR- SR CI@-

[0083] YCE—Q\-0i—3-Ghid [0084] Z =

letters in Formula (1) are defined
C- hal ogen; G OH, PETORFWEPAWPIS;

hi oester; [0075] B = CH, N, C alkyl;
ioether); C amde; Cester or

G = C, Case 16003588 WD 2004/ 003972
[0077] E =

CH, N, C-alkyl; C halogen;

am de; C-ester or thioester; [0078]

CH. N (0088l Kyl ; Yét hadtbeyemxampleihta GoleRyletshisably emplomed ARG ¢R57) ; G

b%th%dé\bno%mdwfhnctﬁnal%egen C OH;
ester or thioester; [0080] K =

C- am de;

or NCOAr; [0082] Q = CH nitrogen;

R (H, alkyl); NHR

[0088] where A and B are identical or non-identical, conducting or non-
conducting moieties, | is an insulating bridge between A and B, CL and CR are

10
sent a dipolar moiety.
[0089]

connectors to left and right electrodes, respectively, and the “+ and “-" repre-

A specific example of a molecular species with such a structure is

shown in, for example, the following designs (state 1 and 2)

HS

15

[0090] Another example is

SH

state 2
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(hal ogen); NR-NHR, NR-OR, or NR-SR 15 [0085] The foregoing nolecule is
disclosed in application Serial No. 09/759,438, filed January 12, 2001,
filed in the nanes of Alexandre M Bratkovski et al, and entitled
"Bi st abl e M) 20#PBP72Mechani cal Device with an Ap- pended@CRISHOI/MNIP¢8vat ed by
an El ectrigplioglsek-f or El ectronic Switching, Gating and Menory
Applications". In that patent appli ca“’ on, nanoneter-scale reversible 20
el ectronic switches are provided that can be assenbled to nake crossbar
cir- cuits that provide nenory, |ogic, and conmunications functions. The
el ectronic swtches, or crossed-w re devices, conprise a pair of crossed
wres that forma ju | oN e one W re crosses another at an angle
ot her than zero deg east one connector species connecting the
pair of crossed w nction. The junction has a functional
di mensi on i n nana @I | east one connector species [0086]

t ha p

e
& O ‘

Further enbgdi men ecul gg i nclude nol ecules in which the
backbone can coerit air (akfho ee fused benzene rings, (b) 5-
menbered rings, (c) 7- nefber ed rings, (d) saturated rings, and (e) other
satu 30 rated and unsaturated groups, supporting the dipole group and/or
constituting parts of the backbone of the nolecule. Case 10003588 WD
2004/ 00397200/ US2088/rtheoessnpleshawotyesdates of sirugtuedz)(steta 1andther exanpl e
of a nol ec | | oyed herein com prises a single nolecular

speci es thg#ﬁﬁgggggﬁﬁﬁgggge and switch functionalities. The nol ecul ar
speciesSis represented by the fornmula: CL-A-I-B-CR 5 E) I|E [0088] where A
and B are identical or non-jidentieql, ¢egducting or non- conducting
noieties, | is an insulati N en A and B, CL and CR are

HS

Structure 1a (state 1)

10 [0092] Structure 1a depicts an example of a molecule in state 1. The di-
pole is represented by an amide group ~CONH,, with the oxygen carbonyl (=0)
being a “-", and the amide (-NH2) being a “+". The groups A and B are repre-
sented by naphthalene and benzene, respectively. Connection to the (gold)
electrodes (not shown in Formula 1a) is provided by —CH,SH groups (connect-

15 ing groups CL, CR).

Structure 1b (state 2)
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10 connectors to left and right electrodes, respectively, and the "+" and
"-" repre- sent a dipolar noiety. [0089] A specific exanple of a nvol ecul ar
species with such a structure is shown in, for exanple, the foll ow ng
designs (sWAW04/0AB 2) N HS C SH O NHZ state 1 N SRCT{{S2003/820088, O 15 2
state 2 [ @8964ozAnpt her exanple is Case 10003588 WO 2004/ 003972

PCT/ US2003/ 020068 PD-10003588-1 17 HS OCGOCSH 0 ~NH 2 [0091] A
further exanple shows two states of structure 1 a (state 1) and in
structure Ib (state 2). 5 N HS OC SH 2 Structure 1 a (state 1) 10 [0092]
Structure la depicts an exanple of .a nolecule in state 1. The di- pole is
represented by an am de group -CONH2, with the oxygen carbonyl (=0

[0093] Structure 1b depicts the combination molecule in state 2, where it

can be seen that the dipole has rotated 180 degrees with respect to its position

in state 1.
5  [0094] Additional examples of such dipole-containing molecules are
shown below:
N
/l\ SH
HS 0] NH>

N | RN
HS )\ //k/ SH
o NH, N

10

COOH

15
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being a "", and the am de (-NH2) being a "+". The groups A and B are repre-
sented by napht hal ene and benzene, respectively. Connection to the (gold)
el ectrodes (not shown in Forrmula l1la) is prow ded by -CH2SH groups (connect -
15 ing grody2@@/003¢R). N | I I HS CSH ™ O\ Struct BC&/USRO0R/AI08¢8e 2)
Case 10003988300063s2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 18 [00931
Structure 1 b depicts the conbination éml ecule in state 2, where it can be
seen that the dipole has rotated 180 &egrees with respect to its position
in state 1. 5 [00941 Additional exanples of such dipol e-containing

nol ecul es are shown below. HS ,40,,;0C OXNH SH 2 OP, NNI I HS SH 10 O
NH2 N N | [0095] COOHh ohs eNipdiment, the A and B moieties are non-conducting; an

example of a non-conducting A and B moiety is a saturated hydrocarbon chain
or ring for supporting the dipole group. The insulating groups are less polariz-
able than the conjugated groups and are expected not to screen the electric
5 field, produced by the dipole, to the same extent as the conjugated groups
would. It is perferable that the dipole field not be screened by the other parts of
the molecule
[0096] In another embodiment, the A and B moieties are conducting and
are characterized by relatively small HOMO-LUMO gaps (about 2 to 6 eV) and
10 by the property that their HOMO, LUMO and neighboring molecular orbitals are
delocalized and extend over substantially the entire length of the group. The
conducting groups A, B may comprise conjugated hydrocarbons and aromatic
homo- and hetero-carbocycles. Examples of conducting units are shown below.

QOO0
selesien
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NH2 15 Case 10003588 WO 2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 19

[ 0095] In one enbodinent, the A and B noieties are non-conducting; an
exanpl e of a non-conducting A and B noiety is a saturated hydrocarbon chain
or ring fowWaeseA3ei2ng t he di pol e group. The insul ati ng PGTASHEI/BI0868 ess

pol ari z- afl godsb@n the conjugated groups and are expected not to screen the
electric 5 field, produced by the dipgle, to the sane extent as the
conjugated groups would. It is perfetable that the dipole field not be
screened by the other parts of the nolecule [0096] In another enbodi nent,
the A and B noieties are conducting and are characterized by relatively
smal | HOMO- LUMO gaps (about e 6 eV) and 10 by the rty that their
HOMO, LUMO and nei ghbori ng ‘-Iecular orbitals are delpcalizgd and extend
over substantially the entiye length of the group. Th conucti ng groups
A, B may conprise conjugate pcar bons and ar onaproxha and

het er o- carbocycl es. Exai@l es 0¥ conducting units.& e sho below. N N N

I 1 I NI N O Nc@ | | | Case 100034888 04/ 003972

PCT/ US2003/ PD- 10003588- 1 NT O

V

. AN SN ‘

[0097) Additionally, the groups A, B may be modified by attaching thereto
various side groups such as alkanes, e.g., -CHa, or other functional groups, e.g.,
10  -NHj, -NOy, -CN, -OH, -COOH, or -NO. An important design feature is the non-
equivalence of the conducting groups A and B. Specifically, they should have
different energies of their respective LUMOs. Preferably, the minimum energy
separation between the LUMOs of the conducting groups Aand Bis 0.1 eV.
[0098] The insulating group | is characterized by a relatively large HOMO-
15 LUMO gap (about 6 to 10 eV). The insulating group I may _comprise saturated
hydrocarbons, either cyclic or acyclic. Examples ofinSLHgﬁng'groups | are

shown below.
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20 11 NCCC N I I I 1 1 57([0097] Additionally, the groups A B may
be nodified by attaching thereto various side groups such as al kanes,
e.g., -CH3, or other functional groups, e.g., to -NH2, -NO2, -CN, -OH,
COOH or WEROOAPO3PRport ant design feature is the non eQGTUQW@ﬁ@éW@W t he
conduct i ngpgifRbRs: A and B. SpeC|f|caIIy, t hey shoul d have different
energies of their respective LUM3s. eferably, t he m ni nrum ener gy
separation between the LUMOs of the C%nducting groups A and Bis 0.1 eV.
[0098] The insulating group | is characterized by a relatively |arge HOVO
15 LUMO gap (about 6 to 10 eV). The insulating group I nmay conprise
saturated hydrocarbons, either cyclic or acyclic. Exanples of insulating

groups | W 10003588 WOpN2004/0Q3972 PCT/ US2003/ 020068
PD- 10003588- > u/(%eeq/ iASulating noiety | nmay be
further nodified by attaching 10 thereto various side groups such as

al kanes, e.g., -CH3, or other functional groups, e.g., -NH2, -NO2, -CN,
-OH, - COOH, or -NO. The i mportant property of

L0 ALLC

(0099] The insulating moiety | may be further modified by attaching
10 thereto various side groups such as alkanes, e.g., -CHs, or other functional
groups, e.g., -NHa, -NOz, -CN, -OH, -COOH, or -NO. The important property of
the insulating bridge 1 is that it provides sufficient electrical insulation between
the two conducting moieties A and B that it connects. By “sufficient electrical in-
sulation” is meant that hybridization between molecular orbitals of the two con-
15 'ducting moieties A, B is small, less that 1%. This ensures that the orbitals’ ener-
gies will change independently under the influence of the electric field of the di-
polar group. The required insulation is achieved by appropriate selection of the
length of the insulating bridge |; such appropriate selection is considered to be
well within the ability of the person skilled in this art without undue experimenta-
20 tion.

- {0100) The dipole has a large dipole moment, > 4 Debye. This may be
achieved by using a moiety with an electron donor and acceptor attached to its
opposite sides. The dipole may alternatively be in zwitterion form. The dipole
should also have a strongly localized negative pole, usually due to one or more

25 oxygen atoms, to form hydrogen bonds with the stationary part of the diode-
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the insulating bridge |I is that it provides sufficient electrical

i nsul ati on between the two conducting noieties A and B that it connects.
By "sufficient electrical in- sulation" is meant that hybridi zati on between
mol ecul ar SHMROHPFIBf the two con 15 ducting noieti es APCBUS2003/p9048 | ess
that 1% Thb$ooennsdlr es that the orbitals' ener- gies will change

i ndependent |y under the influence of e electric field of the di- polar
group. The required insulation is achieved by appropriate selection of the
|l ength of the insulating bridge |I; such appropriate selection is considered

to be well within the_ability of the person skilled in qls art w thout
undue expeswiehmalecolg. Thelest inpedent Prerertyighdredipgle isit %”Q@ #I8® monent, >

4 Debye. Thig o'f’?rﬁa PBlecaethRYgH ehl’:(erbbsélﬂSle%r@!rIQFedeMdtthataéhsefescé fown donor and
acceptor attach to its opposite_sides ernatively be

t
in zwitter |e0ﬁrgmamermélpele;foméatlosh@mr@l%ﬂ %fdhﬁQ{Pé’Paé géqqpo%ﬁlsbo‘vaeﬁT i zed
negative pqhﬁ usual ly due to one or nore 25 oxygen atons, to form hydrogen
bonds with the stationary part of the di ode- Case 10003588 WD 2004/ 003972
PCT/ US2003/ 020068 PD-10003588-1 22 switch nol ecule. The |ast inportant
property of the dipole is its connection to e rest of the nolecule
through either a single or a triple bond at ensures a low energy barrier
to dipol e’ sorotatmww Exanpl es of) .t he ol ar group are shown be- low. 5 O

NH2 O ~~r re mSl ecul e rest o ecule NH2 O 11 10 rest of nol ecul e
HH
rest of molecule rest of molecule
NH,

J
\

10 rest of molecule
| |
H/N I X H/C A
Z N;;O X o
| I
rest of molecule : rest of molecule
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C HENH 0 NO 1: O Il Il rest of nolecule rest of nolecule Case
10003588 WD 2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 23 [0101] The
side, or connector, groups CL, CR provide connection to the el ectrodes.
Ther ef or e, WOI#H0BABI ce i s not independent but shoul d b&@CTBGRWPAWOEd 5 with
t he mat eri ap-10f034sBe el ectrodes as well as with the nethod of device
prepara- tion. For instance, in case Qaself-assenbly on gold, silver, or
ot her noble net- als, the side groups , CR may be thiols, or

thiol-term nated al kenes. In case of Langnuir-Bl odgett assenbly, the side
groups CL, CR may be -000H term nated chains or groups. Exanples are shown
below. 10 O SH SH OH [0102] The el ectrodes to which the dipolar nol ecul e
is attached may be 15 netallic or sem conductor. The choi ce of material is

dictated by the device fabri- cation process, chem cal nPatl bility with
the mol ecul @108 peci eEhe sida. eheONRgFIge Jrempst hle Q\Brﬂio‘f'%ﬁ‘?’i’@ﬁ lonrigethor k

function deél@éthdB?STHéF@foFE)%éiHthlc@fls htan@dpRAlER MRt sRidTbe LedrEinate! ative to
t he nmol ecul ar LUMO. The use of two different el ectrodes on both sides of

t he nol eculWith @eéﬂ%téf'@@rﬂﬁ@ﬁiﬁ%ﬁoéésﬁﬁwlﬁst“ﬂ@ tge gisthaskof dR¥ICR RIEPBFR-podi nent s

di scl osed hgyreirBr instance, in case of self-assembly on gold, silver, or other noble met-
als, the side groups CL, CR may be thiols, or thiol-terminated alkenes. In case
of Langmuir-Blodgett assembly, the side groups CL, CR may be -COOH-

terminated chains or groups. Examples are shown below.

0O
— W

SH OH

10

[0102] The electrodes to which the dipolar molecule is attached may be
15 metallic or semiconductor. The choice of material is dictated by the device fabri-
cation process, chemical compatibility with the molecular species, and the value -
of the work function. The work function determines the position of the electrode
Fermi level relative to the molecular LUMO. The use of two different electrodes
on both sides of the molecule is also contemplated within the scope of the em-

20 bodiments disclosed herein.
INDUSTRIAL APPLICABILITY

[0103] The transistor and sensors disclosed herein are expected to find

25 use in nanoscale devices.
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| NDUSTRI AL APPLI CABI LI TY [0103] The transistor and sensors disclosed herein
are expected to find 25 use in nanoscal e devices. Case 10003588 WO

2004/ 003972 PCT/ US2003/ 020068 PD-10003588-1 24 CLAIMs What Is O ained
Is: 5 1. AWR2M&0I3872 pol ari zati on- dependent devi ce conpPCEUS03/0HP68a sour ce
regi on and pd-10608ds8r1 r egi on separated by a channel re- gion having a length
L, forned on a substrate; and (b) a ngl ecul ar | ayer over said channel
region, said nolecular |layer conprising nolecules having a swtchable

di polar noiety. 10 2. The nol ecul ar pol ari zati on-dependent device of Caim
1 further conpris- ing a gate el ectrode on said nol ecul ar |ayer having a

t hi ckness w. 3. The nol ecul ar pol ar PAMDn- dependent device of Claim 2
wherein w has 15 a value within a range of about 1 to 100 nm 4. The

mol ecul ar pol ari zati on-dependent device of Claim1l wherein L has a value
within a raibet!eflaipedis: 1 to 100 nm 20 5. The nol ecul ar

pol ari zati on- dependent device of Claim1l wherein said channel region

conprises a sem conductor materjial. 6. The nol ecul ar pol arizati on-dependent
device & O ai msAWSewias pelarizatiogdgpensieat davine GEPEFNG| is sel ected fromthe

group consisting of G aSourdetregifAANd a drainl f&Bion! s2H8rat adhé¥nel A-Sb, GaSb,
InSb, InN, AIN and N and m Xed alloys thereot. 7. The nvol ecul ar

pol ari zat i dioHePpéIreiengGdy frmedon e sPaiateis i¥tther conpris- ing a dielectric
layer on at |east a pRLth&Bcr IS dvéhaNeHanh81tbEiBn, 2Rl fhoRBlISCIHY &

comprising molecules having a switchable dipolar moiety.
10
2. The molecular polarization-dependent device of Claim 1 further compris-

ing a gate electrode on said molecular layer having a thickness w.

3. The molecular polarization-dependent device of Claim 2 wherein w has

15 a value within a range of about 1 to 100 nm.

4. The molecular polarization-dependent device of Claim 1 wherein L has a

value within a range of about 1 to 100 nm.

20 5. The molecular polarization-dependent device of Claim 1 wherein said

channel region comprises a semiconductor material.

6. The molecular polarization-dependent device of Claim 5 wherein said
semiconductor material is selected from the group consisting of C, Si, Ge, GaAs,
25 InP, InAs, GaP, AlAs, AlSb, GaSb, InSb, InN, AIN, and GaN and mixed alloys

thereof.
7. The molecular polarization-dependent device of Claim 1 further compris-

ing a dielectric layer on at least a portion of said channel region, said molecular

30 layer formed on said dielectric layer.
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30 layer forned on said dielectric layer. Case 10003588 WD 2004/ 003972

PCT/ US2003/ 020068 PD-10003588-1 25 8. The nol ecul ar

pol ari zati on- dependent device of Claim?7 wherein said dielectric |ayer
conpri ses AYO ¥0#0®I729. The nol ecul ar pol ari zat i on- depen®&RUSIERFN868%f Cl ai m
8 wherein sab-tbooBssaxi de is sel ected fromthe group consisting of Si02,
A1203, MgO CaQ, ZrSi 04, Zr02, Y203, Si 04, Y203, H02, Si3N4, SrQ

La203, Ta203, BaO, and Ti 02. 10. The nol ecul ar pol ari zati on-dependent-
device of Claim1l wherein said nolecules conmprise: BSAM | I HS/0 EQ
F:rrSHHS OOSH 10 0 where the letters in Fornul a %{9?7 are defined as
follows: A = CHS8 Nhechaeryg: petaizafioRydependetiflevisecay el )whereiri@ichi oet her) ;
Canide; Ciemlhic Ider tdthgRetahoxide, B = CH, N C-al kyl; G hal ogen; ; C OH,
C-OR(ether); C SR(thioether); Camde; C-ester or thioester; Db G=C E =
CH N, C-alkyl; Chalogen; COH C-OR(ether); C SR(thioether); C am de;
C-ester or thioeptre melee@arl PHEFREEN-WEHeHABH ENRB 7 ElaiM BSHRDsiA B2RO68

PD- 10003588-1 26 - : .
, 5 oxide is selected from the group consisting of SiO;, Al03, MgO, CaO, ZrSiOs,

ZFOZ, Yan, HfSiO4, Y203, HfOZ, Si3N4, SFO, La203, Ta203, BaO, and TiOz.

10. The molecular polarization-dependent device of Claim 1 wherein said

molecules comprise:

10

where the letters in Formula (l) are defined as follows:
A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester;

15 B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester; '
D, G=_;
E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;

C-ester or thioester;
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= CH N Calkyl; Chalogen; CGOH C OR(ether); C SR(thioether); C am de;
C-ester or thioester; J = CH N GCalkyl; Chalogen;, CGOH C OR(ether);
C-SR(t hioether); Camde; C-ester or t hi oester; 5 K=CH N GCalkyl;
C- hal ogen; WO 20p#/00321R( et her ) ; C- SR(t hi oet her); G- ami de; PCUUé@WQZOW
t hi oest er; M-mod@¥R;1 CF2; CCl 2; CHOCH3; CHOH, CHF;, CO CH=CH CH2-CH2; S; O;
NH, NR;, NCOR, or NCOAr; Q = CH; nitrogen; phosphorus; or boron; 10
Y=CorS;and Z = R (H alkyl); NHR, OR SR, CHR-NHR, CHR-OR, CHR-SR; CHR- X
(halo- gen); NRNHR, NR-OR or NR-SR 11. The nol ecul ar
pol ari zat i on degendent device of Claiml V\,her e| n sajd

conpri se CLE & ¢HBNCR-alkylc ha{ﬂgé?-ecﬁ%n%'q_fﬁ ﬁfhér @e%f?(”(‘f%ﬁth r)na@t%% %lentl cal ,

conduct i ng gresfgpar Sdydust i ng 20 noieti es, is an insul atl ng bridge between

A and B, CL and are connectors_ to Left and rj el des,
respectivel y= %HdNt frealkylC-hglpgen; Qétﬂ'r"egéjrﬁ(e&'eﬁr fo g% hioger t§ amige; The
nol ecul ar  pgleatdr satnicydtetependent device of Caim 1l wherein sal d 25

swi tchabl e di pgl ar npiety is bi- transisto o |ng (a) a
source regi B QHdNaCd?'éY' Crhaipdsh: ée@é'rg’t(éﬁewr ﬁéh'ﬁ@?ﬁ’feéu g% havi ng a
l ength L W thisterar tride@eerof about 1 to 100 nm forned on a subst rate, 30
wherein said channel regio rj e can 0 r se
10003588 WOMZ0BH: 0658150 P ORDB0S B0 B ER: @ﬂb%f%%n@”&é% N

NR; NCOR; or NCOAr;

Q = CH; nitrogen; phosphorus; or boron;

10 Y=0orS;and
Z = R (H; alkyl); NHR; OR; SR; CHR-NHR; CHR-OR; CHR-SR; CHR-X (halo-
gen); NR-NHR; NR-OR; or NR-SR.

11. The molecular polarization-dependent device of Claim 1 wherein said
15 molecules comprise
CL—A—I—B-CR
© @

where A and B are identical or non-identical, conducting or non-conducting

20 moieties, | is an insulating bridge between A and B, CL and CR are connectors
to left and right electrodes, respectively, and the “+" and “-" represent a dipolar
moiety.

12. The molecular polarization-dependent device of Claim 1 wherein said
25 switchable dipolar moiety is bi-stable.

13. A transistor comprising:
(a) a source region and a drain region separated by a channel re-
gion having a length L within a range of about 1 to 100 nm, formed on a substrate,

30 wherein said channel region comprises a semiconductor material;
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27 (b) a nol ecular |ayer over said channel region, said nolecular |ayer
conprising nol ecul es having a switchable dipolar noiety; and (c) a gate

el ectrode having a thickness ww thin a range of about 1 to 100 nmon said
mol ecul ar M04/089724, The transistor of C ai m 13 wher ePRTA§74§3/020068

sem conductmx-loomiseni al is se- lected fromthe group consisting of C, Si,

Ge, GaAs, InP, InAs, GP, AlAs, Al Sb, ,,GSb, InSb, InN, AIN and GaN and

m xed all oys thereof. 10 15. The transistor of Claim 13 further conprising
a dielectric layer on at |east a portion of said channel region, said

nol ecul ar layer formed on said dielec- tric layer. 16, The transi stor of

O ai m 15 wherei n sai &) @iraplaeuiarlayer gyeirsajdothanneldeaign, saismglepyar layes. The

transistor &J‘méﬁ!sm'gm&&ume}faeingasswi@hm@tsolbsmsgtyeﬁﬁ@d fromthe group
consisting of Si02, A1203, My CaOQ . ZrS1 04, zZr02, Y203, Hf Si X4, Y203,

H 02, Si3N4, SrO, Laffd8 9atolsiods aving fithipkess vuithin 2 rARge pf ahft dt or of
Cl ai m 13 whgrebmnsaH shidokeUlaeyeonpri se: Case 10003588 WD 2004/ 003972

PCT/ US2003/ 020068 PD-10003588-1 28 BSAMI{~J I I HSI jl~, EQF~
\,,SH ZHSOOSH O

14. The transistor of Claim 13 wherein éaid semiconductor material is se-
lected from the group consisting of C, Si, Ge, GaAs, InP, InAs, GaP, AlAs, AISb,
GaSb, InSb, InN, AIN, and GaN and mixed alloys thereof.

10 15. The transistor of Claim 13 further comprising a dielectric layer on at
least a portion of said channel region, said molecular layer formed on said dielec-

tric layer.

16. The transistor of Claim 15 wherein said dielectric layer comprises an

15 oxide.

17. The transistor of Claim 16 wherein said oxide is selected from the
group consisting of SiO,, Al;03, MgO, CaO, ZrSiOs, ZrO;, Y203, HfSiOs, Y20s3,
HfOg2, SiaNs, SrO, La,03, Taz03, BaO, and TiOo.

20
18. The transistor of Claim 13 wherein said molecules comprise:
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where the letters in Fornula (1) are defined as follows: A= CH N

C-al kyl; C halogen; CGOH C OR(ether); CSR(thioether); Camde;, 5 Cester

or thioester; B = CH N Calkyl; Chalogen; ; COH C OR(ether);

C- SR(t hi oeM&20p4/0032Rni de; C-ester or thioester; D, G =PCI/US2083/¢39068N;

C-al kyl; C-fmioogess;1 COH, COR(ether); G SR(thioether); Camde; 10

C-ester or thioester; F=CH N GCalky,; Chalogen; CGOH C OR(ether);

C-SR(thioether); Canmde; C-ester or thioester; J =CH N GC-alkyl;

C-hal ogen; CGOH, COR(ether); CSR(thioether); C-amde; C-ester or

thioester; 15 K= CH N, Calkyl; Chalogen; COH C OR(ether);

C-SR(thioether); Camde; GC-ester or thioester; M= CH ; CF2; CC 2;

CHOCH3; CHOH, CHF; CO CH=CH, CH2-CH2; S; 0; NH, NR, NCOR;, or NCOAr; Q =

CH, nitrogen; phosphorus; or boron; 20 Y = Oor S; and Case 10003588 WD

2004/ 003972 PCT/ US206; EK§>J10003588-1 29 Z =R (H alkyl); NHR, OR
R-

SR, CHR- NHR, CHR- OR; |CHR- (hal o- gen); NR-NHR; NR-OR or NR-SR

19. The transi SHQ%WQ% \eda@\ei/rqu;ai d nol ecul es conprise CL-A-1-B-CR
5 O LO+ where A and B arte identical Yor non-identical, conducting or
non-conducting noieties, I}|is an insulating bridge between A and B, CL and
CR are connectors

R

where the letters in Formula (I) are defined as follows:
A = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether), C-amide;
5  C-ester or thioester,
B = CH; N; C-alkyl; C-halogen; ; C-OH; C-OR(ether); C-SR(thioether), C-amide;
C-ester or thioester;
D, G=C;
E = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
10 C-ester or thioester,;
F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether), C-amide;
C-ester or thioester;
J = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester;
15 K = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester;
M = CHz; CF;; CCly; CHOCH3; CHOH; CHF; CO; CH=CH; CH2-CHz; S; O; NH;
NR; NCOR; or NCOAr;
Q = CH; nitrogen; phosphorus; or boron;

20 Y=0orS;and
Case 10003588



10 to left and right electrodes, respectively, and the "+" and "" represent
a dipolar noiety. 20. The transistor of Caim13 wherein said swtchable
di polar noiety is bi- stable. 15 21. The transistor of Caim 13 wherein

sai d nol ecOYQROOR/E838T2 conpri ses nol ecul es having a ferr GETABRIPE208¢8)01
nonent for pmnecscdsati |l e menory applica- tions. 20 22. A sensor conprising:
(a) a source region and a drain regiongseparated by a channel re- gion
having a length L within a range of about 1 to 100 nm fornmed on a
substrate; (b) a nol ecular |ayer over said channel region, said nol ecul ar

| ayer 25 conprising nol ecul es havi 1.t chabl i pol ar Lety. 23. The
sensor of CGF& %(QQa%M@?r@Hﬁ? OR: @%r@ﬁ%@f%ﬂ%ﬁ%oﬁﬁgrﬁs&z{R%@ﬁ sonduct or
material . Cgsf; NARMHRAIRVUR ZPAR-8R3972 PCT/ US2003/ 020068 PD- 10003588-1 30
24. The sensor of Caim 23 wherein said sem conductor material is se-
| ected fromthe group consisting of C, Si, G, GAs, InP, InAs, GaP, Al As,
Al Sb, GaSb, | nSlp, TheManddtdf of DEIMGBN\dReIn Baid @sbiedulesdmbhss eof . 5 25. The
sensor of Claim22 further conprising a dielectric |ayer on at |east a
portion of said channel region, SardmbréctRar 1ayer formed on said
dielectric layer. 26. The sensor ofg pm 25 wherein said dielectric |ayer
conprises an ox- 10 ide. 27. The sensor of Claim 26 wherein said oxide
oxide is selected fromthe group consisting of Si02, A1203, MO, CaO
ZrSi 04, Zr02, Y203, HfSi 4, Y20T?>, A . ,
where A and B are identical ‘or non-identical, conducting or non-conducting

moieties, | is an insulating bridge between A and B, CL and CR are connectors
10 to left and right electrodes, respectively, and the “+” and “-" represent a dipolar

moiety.

20. The transistor of Claim 13 wherein said switchable dipolar moiety is bi-

stable.
15
21. The transistor of Claim 13 wherein said molecular layer comprises
molecules having a ferroelectric dipole moment for non-volatile memory applica-
tions.
20 22. A sensor comprising:

(a) a source region and a drain region separated by a channel re-
gion having a length L within a range of about 1 to 100 nm, formed on a substrate;

(b) a molecular layer over said channel region, said molecular layer

25  comprising molecules having a switchable dipolar moiety. -

23. The sensor of Claim 22 wherein said channel region comprises a

semiconductor material.
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Hf 02, Si3N4, SrO La203, Ta203, BaO, and Ti02. 15 28. The sensor of Caim
22 wherein said nolecules conprise: AMI I HS~~E Q-SH HS O O ASH O
where the letters in Fornula (1) are defined as follows: Case 10003588 WO
2004/ 00397V PBr#+9321303/ 020068 PD-10003588-1 31 A = CHPCRIUSZ03/Pe(48;

C- hal ogen; ¥-0bi3s8&&-1OR(ether); C SR(thioether); C-amde; C-ester or
thioester; B = CH N GCalkyl; GChaloggn, ; CGOH C OR(ether);
C-SR(thioether); Canmde; C-ester or thioester; 5 D,GC, E = CH N,

C-al kyl; C hal ogen C— OH, COR(ether); C SR(thioether); C am de C-ester
or thioester; F = N, Cal kyl; Chalogen; COH C OR(ether)

C- SR(t hi oet her) 24CTQPr15&BS°r o @é'frb?e' A¥neain saish samiconslugtor n@tgnaNas 8&-al kyl ;

C- hal ogen; I@ct@h*fro%tﬁgbﬂﬂb%o}ms Sﬁ(d 5,086 "GAs, 1P, QHAéjQ.';aP RS 148b,0r

t hi oester; CH, | ky hal ogen:’ C- OH; OR( et er)
C- SR(t hi oetﬁ@$? 'ndeﬁNd‘é'N @@@N&“W'X?%?Mﬂweofmﬂ CH2; CF2: Cdl 2:
CHOCH3; CHOH, CHF, CO CH=CH, CHZCHZ S; 0; NH 15 NR;, NCOR, or NCOAr; Q
= CH, nltrogen 2oh ghorus Qr ?
sensor of Clalm 22 urther comprising a dielectric layer on at least
a portion of said channel region, said molecular layer formed on said dielectric

layer.

26. The sensor of Claim 25 wherein said dielectric layer comprises an ox-
10 ide.

27. The sensor of Claim 26 wherein said oxide oxide is selected from the
group consisting of SiO,, Al;03, MgO, Ca0, ZrSiOs, ZrO,, Y203, HfSiOs, Y203,
HfO,, SisNg4, SrO, Las03, Tax03, BaO, and TiOs.

15
28. The sensor of Claim 22 wherein said molecules comprise:

where the letters in Formula (1) are defined as follows:
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Y=0o0r S and Z = R (H, alkyl); NHR OR SR CHR NHR, CHR-OR, CHR-SR
CHR- X (halo- gen); NR-NHR, NR-OR or NR-SR 20 29. The sensor of Caim 22
wherein said nol ecul es conprise CL-A-1-B-CR O-O+ 25 where A and B are

i dentical &Y06H0W3B@Ntical, conducting or non-conducti ngCTASPMEPWE8 | | s an
i nsul ati ng Po-idgesshet ween A and B, CL and CR are connectors to left and
right electrodes, respectively, and thg "+" and "-" represent a dipol ar

noi ety. 30 30. The sensor of Caim22 wherein said swtchable dipolar
noiety is bi- stable. Case 10003588 WD 2004/ 003972 PCT/ US2003/ 020068

PD- 10003588-1 32 31. The sensor of Claim?22 wherein current between said
source and Asafth & &-alkylsCrhiaadeenedaHbf-QRletherk &-PBihiopther) B-afdidgcul es. 5
32. The sengQdstéorfricdsier3l wherein said polarization is affected by at

| east one environnental paraneter selected fromthe tgr oup cansi sting of (a)

phot ons, whBchCablse- %‘W‘@Eé‘ﬁg%ﬁh 1GoObh &raResther): frS&Ehiostiers erapide; (b) pH,

noi s- ture, cCgdidr HiossRgci es, and biol ogi cal agents, which cause said
sensor to oper- ate as a chemical or biol ogi cal sensor, (c) tenperature,
whi ch cabse® ST & sen 10 sor to operate as a thermal sensor, and (d)

pressure, Wai£@H ATLIKPAChAREROC-OHO CODR(cMLR); TSR (tRIBEHIHY €-sfiasor . Case
10003588 C-ester or thioester;
F = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester;
10 J = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester,;
K = CH; N; C-alkyl; C-halogen; C-OH; C-OR(ether); C-SR(thioether); C-amide;
C-ester or thioester,;
M = CHa; CF;,; CCly; CHOCH3;; CHOH; CHF; CO; CH=CH; CH2-CHa; S; O; NH;
15 NR; NCOR; or NCOAr;
Q = CH; nitrogen; phosphorus; or boron;
Y =0orS;and
Z = R (H; alkyl); NHR; OR; SR; CHR-NHR; CHR-OR; CHR-SR; CHR-X (halo-
gen); NR-NHR; NR-OR; or NR-SR.
20
29. The sensor of Claim 22 wherein said molecules comprise
CL—A—I—B-CR
© @

25 where A and B are identical or non-identical, conducting or non-conduéting
moieties, | is an insulating bridge between A and B, CL and CR are connectors
to left and right electrodes, respectively, and the “+” and “-" represent a dipolar
moiety,

30 30. The sensor of Claim 22 wherein said switchable dipolar moiety is bi-

stable.
Case 10003588
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32

31. The sensor of Claim 22 wherein current between said source and
said drain is influenced by polarization of said molecules.

32. The sensor of Claim 31 wherein said polarization is affected by at
least one environmental parameter selected from the group consisting of (a)
photons, which cause said sensor to operate as an optical sensor, (b) pH, mois-
ture, chemical species, and biological agents, which cause said sensor to oper-
ate as a chemical or biological sensor, (c) temperature, which causes said sen-
sor to operate as a thermal sensor, and (d) pressure, which causes said sensor
to operate as a pressure sensor.
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