WO 02/ 078102 PCT/ US02/ 08452 FABRI CATI NG A MOLECULAR ELECTRONI C DEVI CE

HAVI NG A PROTECTI VE BARRI ER LAYER CROSS- REFERENCE TO RELATED APPLI CATI ONS
Thi s applwoakiomsiors related to U S. Application Serial NoPCOA/SABR84828,

filed on 5 March 29, 1999, by Janes R Heath et al., and entitled

"Chem cally Synthesized and Assenbled El ectronic Devices," which is

I ncorporated herein by reference. TECHNI CAL FIELD This invention relates to
systens and net hods for fabricating nolecular electronic devices. 10

BACKGROUNFABRJCATING A MOBECQULARELECTROMCG DEVIGEHAVING &
have been proposed. For PRUTECTIVE'BARRKIERALAYER'onic device

structure, a nolecular layer (e.g., a Langnuir-Blodgett film is
sandwi ched between a pair of electrically 1s conducti EEAI ayers (e.g., a
pair of netal |ayer sSCROSSREFERENCESFO BRELAKED APPLIGATY | ayer, or a

pair of doped sem conductor, |ayers). Th | ecul ar .l.ayer thin
i nsul ating fil mihapPlFaliopds tﬁééﬁfdit)ﬁ %&Mﬁ%@@h?ﬁ%ﬁxﬁe‘?ﬁgwﬁ% fifed’on
Struct ure nidigh 2824088 150 PIh@REHedth @ AYAAA entitla!{CHRntENlf Syfthesizediandhi ng
device, or a netal-i'nsulator-sem conductor (MS) structure that may be
conf i gur ecAsasmhbledElectrenicrReviedss e whiak isdnoomperated Serginthynteference 128, 214
descri bes anot her nol ecul ar el ectronic device structure that is configured
as a nolecular wire crossbar nenory (MACM system forned froma

t wo- di mensi onal array of nanonet eTECHNKCAB\FIEEY) Each MACM device is

formed at the crossing point (or junction) of. a i r. of crosse i res where
25 at | east ondhipinventign fém@t%’ﬁt%ﬂ&e@%ﬂgﬁl’ééa%cﬁl% “@Fe&maé'

nol ecul ar iguloglﬂ: dm&gaen the pair of crossed wires. The resulting device
e . . . .
structure Ay be configured as a resistor, a diode or an asymetric

non-linear resistor. The state of each MACM
10 BACKGROUND

Many different molecular electronic logic and memory devices have been
proposed.

For example, in one molecular electronic device structure, a molecular layer
(e.g., a Langmuir-Blodgett film) is sandwiched between a pair of electrically

15 conducting layers (e.g., a pair of metal layers, a metal layer and a doped

semiconductor layer, or a pair of doped semiconductor layers). The molecular layer
serves as a thin insulating film that may be used in a metal-insulator-metal (MIM)
structure that may be configured as a tunnel junction device or a switching device, or
a metal-insulator-semiconductor (MIS) structure that may be configured as an

20 electroluminescent device.
U.S. Patent No. 6,128,214 describes another molecular electronic device

structure that is configured as a molecular wire crossbar memory (MWCM) system
formed from a two-dimensional array of nanometer-scale devices. Each MWCM
device is formed at the crossing point (or junction) of a pair of crossed wires where
25 at least one molecular connector species operates as a bi-stable molecular switch
between the pair of crossed wires. The resulting device structure may be configured
as a resistor, a diode or an asymmetric non-linear resistor. The state of each MWCM
device may be altered by applying a relatively high, but non-destructive, state-

changing voltage and may be sensed with a non-state-changing voltage.



device may be altered by applying a relatively high, but non-destructive,
state changi ng voltage and may be sensed with a non-state-changi ng voltage.
1 WO 02/ Overoa7se@/ USO2/ 08452 Still ot her nol ecul ar el ecPconise2/ekavi ces
have been proposed. SUMVARY The invention features a novel process of
fabricating a nol ecul ar electronic device that preserves the integrity of
the active nolecular |layer of the electronic 5 device during processing. In

addition, the inyention features a novel. nmolecular el ectronic device
structure and ae’“xlo‘?r}bfer arség‘fté?ﬂlfﬁf’wg?bayﬁ:bﬁﬁ PIPRGeflni's  fabrication
process. In one aspect, the invention features a nethod of fabricating a

nol ecul ar el ectronic device in accor Lfh which a barrier layer is
provided to protect a 10 nol ecul ar S n ich is sandwi ched between a

bottomwire | a%He §ldnflod fulids® h6VER broldss Bt RHARAR] LholMIALIEAiE N NG

of the top wr ayer. e rnvention fay 1 nclude one or nore

of the foldeoiderthiat prabrves she Titegry sfahbactivayeuleculdr ldyer bbtheneleetroriger
preferably have a conmbined 15 thickness that is |ess than the baryier

| ayer 6hi sleMisesiuringprasgssing.d&n paditign: e invspten featuasetnevelirolgeyiate. The
top wire laygl Rl ﬁg\ﬂggg{ﬁ'lc ute Bﬁhtaeﬁﬁé\?e‘ii n?é?n?xllysﬂg%rg%f’t Aﬂefffﬁrﬁfeé witly ffig Over
I'S Ing an e y ‘conaucti ve

the barrier Tayer, pos ectrica ayer over the
mol ecul ar fhsyeatioangrocksye |ift-off layer, and dissolving the lift-off |ayer.

The lift-off layer preferably has a 20 different.s bjli.ty characieristic
than the barri dR qngya@p_ectT%@e inventignfeatyyesya pethed 9 k rjcatin ias"§8{"’\‘r'?:',l Twith a

sol vent WeiQu/ftPevick th 4Btdiian PRI Whith 4 Biidfer 1dyet ibpralEdtd brotect a

i nsol ubl e.” Tn sonme enbodi nment s , | ayer” may nprise a pol yner
(e.g.,10 Pviipcualad layee, Which isrsandwicheddyetween @i bastam aviré ayenand @ tppewirge. g. |
PDVE) . In1 theﬁe enbodi rrent% the Lift.-of ff tIla}/er ey be dissolved in

acet one. [l&ves; from degradation during patterning of the fop wire’layer.

Embodiments of the invention may include one or more of the following
features. |
The molecular layer and the top wire layer preferably have a combined
15 thickness that is less than the barrier layer thickness in a region defining the
molecular electronic device.
The top wire layer preferably is patterned by disposing a lift-off layer over the
barrier layer, disposing an electrically conductive layer over the molecular layer and
the lift-off layer, and dissolving the lift-off layer. The lift-off layer preferably has a
20 different solubility characteristic than the barrier layer. The lift-off layer preferably is
dissolved with a solvent with respect to which the barrier layer is substantially
insoluble. In some embodiments, the lift-off layer may comprise a polymer (e.g.,
PMMA) and the barrier layer may comprise a different polymer (e.g., PDMS). In
these embodiments, the lift-off layer may be dissolved in acetone. In other
25 embodiments, the lift-off layer may comprise a polymer and the barrier layer may
comprise an inorganic electrical insulator.
In another aspect of the invention, a molecular electronic device is fabricated
as follows. A patterned bottom wire layer is disposed over a substrate. A composite
layer, which includes a lift-off layer and an underlying barrier layer, is disposed over

30  the patterned bottom wire layer. The composite layer is patterned to define a device



25 enbodi nents, the lift-off |ayer may conprise a polyner and the barrier

| ayer nmay conprise an inorganic electrical insulator. In another aspect of
t he i nverwpDon/o7&a010l ecul ar el ectroni c device is fabricat e#CTasot/td4bDNs. A
patterned bottomw re |ayer is disposed over a substrate. A conposite

| ayer, which includes a lift-off |ayer and an underlying barrier layer, is
di sposed over 30 the patterned bottomw re |ayer. The conposite |ayer is

Whi ch 1 he TBBRR el the pafiSm, FireTaiet® ERPETA AR fhe MR 1RbGRLH e
barrier | a¥gier 1Ayé0! £GHOREUlaAYSfer ARE AoV BARg topdwireRayér freldigfised oer

di sposed over the patterned conposite |ayer and the exposed bottomwre
| ayer .- Theherpaeermed rcomposite layer andethemxpasedbotgmr wirelayes. chevinglagular

thickness  in th evice region.that is.5 less than.the thickness the
barrier | é@@l" aﬁgftgﬁitﬂ% Wlﬁ%gé'gﬁpé%e A&gMine ﬁBle%eﬁs\kP rtﬁe dF‘é&‘;&reglgngé?ttlér ned
by di sgol Ybd3qhhfehé tHibkiss df A€ batidrapersifin@ig thd déviee . TRe'\thp &ire t he
barrier layer 1s substantially insoluble. The Tnvention al so features a

nol ecul ar lagesds paniemnedehy dissaliing thedifuofdayer with agolvant avith yespectatonwhichu| ar
| ayer di sppesed over the hott L[ e r in a device 1o region, a top
wire | ayeBﬁ%lEggbeggﬁy%\}éfuﬁﬁggﬁ%%iwgf&‘?ayer in the device region, and a
barrier |ayer. THeenbehtio®alsodegfuréed mtecilieclderonie deviiecthabimthizs 2
thickness that is greater than a conbi ned thickness of the nolecular |ayer

and t he t &otiem wireslager, a molacutandayerglisnasedover the beitomwirgdayerdg agdevice
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Q her f eatyakgsr laper. apN@BhAdaSapér déiinek € abvioe regibh andanisea tiilatessthdtriom
the follow ng description, includi ngtthe drawi ngs and the cl aj ns.

DESCRI PTI @keater thrave s@sbmed, thickness ofithegnglastlar dayrrrasidie; toR Wisp la¥€Ent at i on
of a nol ecul ar el ' 2 ' f ctrically
addr essabl e rmlhgé1 S’?’E}?é}g 5@8?%;&1%1%\&?{88%3 %EHEHJ'S d Hﬁ@ctulérexﬁéﬁxo‘ﬁ'gyﬁbﬁ
comprising an array of devices corresponding to the molecular electronic device
15  described in the preceding paragraph.
Other features and advantages of the invention will become apparent from the

following description, including the drawings and the claims.

DESCRIPTION OF DRAWINGS
FIG. 1 is a diagrammatic perspective representation of a molecular electronic
20 device formed from at least one electrically addressable molecular species that is
sandwiched between two crossed electrically conductive wires.

FIG. 2 is a flow diagram of a process of fabricating the molecular electronic
device of FIG. 1.

FIGS. 3A and 3B are orthogonal diagrammatic cross-sectional side views of a

25 patterned bottom wire layer disposed over a substrate.

FIGS. 4A and 4B are orthogonal diagrammatic cross-sectional side views of a
patterned composite layer disposed over the patterned bottom wire layer of FIGS. 3A
and 3B.

FIGS. 5A and 5B are orthogonal diagrammatic cross-sectional side views of a

30 molecular layer disposed over the patterned composite layer of FIGS. 4A and 4B.



sandwi ched between two crossed electrically conductive wires. FIG 2 is a
fl ow diagram of a process of fabricating the nolecular electronic device
of FIG IwomRkGB&108BA and 3B are orthogonal diagrammatic cr @sTAserts4snal side
views of a 25 patterned bottomwre | ayer disposed over a substrate. FIGS.
4A and 4B are orthogonal diagrammatic cross-sectional side views of a
patterned conposite |ayer disposed over the patterned bottomwre | ayer of

FI GS. 3A d F s d th | di mat j .
cr oss- sect | onaltGPdRAARARS B arthodbri) Aidain it Bpoareibeal fige gjewsgf an
pat t er ned cqaiRgslt Gorlditeive Uydrldiposéd oRBR REmOR AR} & IARS PEA] 43008 08452

FIGS. 6A and 6B are orthogonal diagrammatic cross-sectional side views of
an el ectri cal | FIe8nddanidvéB Reg/ertheganad diagramamaticrerosmsestional side yiewsof theGs,

ot devi cwstestricaly RfvE B PR 2R A0y (LBEIANPE ko BefihgR AR Fhe MR
pat t er ged dfQ Mefdcifrelé@ionit devicayer 5 of a nol ecul ar el ectronic device.

FIG 8 is a circuit diagramof a resistive crossbar nenory structure that
i ncl udes an ar G- 8fis delicuitAliagrapmeaid refiigity et @osshar magraeny trucineecthabni c

doscr 1 pti GRELER et AR of il Kol g sl il Bdedian b eforiE deBitell

Furt her norReGSt h& agdarB.ngs are intended to illustrate najor features of
exenpl ary enbodi nents in a diagranmatic nmanner. The draw ngs are not
intended to depict every feature of actual enbodi ments nor relative

di mensi ons of the depicted el QEMARLEDBESCRIPTION awn to scale. 15
Referring to FIG 1, in one enbodinment, a nolecular el ectronic device 10
i ncl udés two ellaghe fellowingodasdriptiomdike reference numbersmareauseddpddertifydikea
non- zero

elements. Furthermore, the drawings are intended to illustrate major features of

exemplary embodiments in a diagrammatic manner. The drawings are not intended

to depict every feature of actual embodiments nor relative dimensions of the depicted
elements, and are not drawn to scale.

15 Referring to FIG. 1, in one embodiment, a molecular electronic device 10
includes two electrically conducting wires 12, 14 that are crossed at a non-zero
angle. Each wire 12, 14 may be formed from a metal or a doped semiconductor
material. A layer of bi-stable molecules or molecular compounds 16 (denoted by the
symbol R) is sandwiched between wires 12, 14. The particular molecule or

20 molecules 18 (denoted by the symbol R) that are located at the intersection (or
junction) of wires 12, 14 act as switch molecules and correspond to the active
portion of molecular electronic device 10. In operation, the state of molecular
electronic device 10 may be changed by applying a relatively high state-changing
voltage across wires 12, 14. The magnitude of the state-changing voltage is sufficient

25 to oxidize or reduce switch molecules 18. Switch molecules 18 may include a redox

pair of molecular species that cooperate to balance charge such that when one of the

molecular species is oxidized (or reduced), the other molecular species is reduced (or
oxidized). In operation, in one example, one molecular species may be reduced and
the associated molecular species (the other half of the redox pair) may be oxidized.

30 In another example, one molecular species may be reduced and one of the wires 12,



angle. Each wre 12, 14 may be forned froma netal or a doped sem conductor
material. A |layer of bi-stable nolecules or nolecular conpounds 16 (denoted
by the sywbak/oR102s sandw ched between wires 12, 14. The pamtisoudss2

nol ecul e or 20 nol ecul es 18 (denoted by the synbol RS) that are | ocated at

the intersection (or junction) of wires 12, 14 act as switch nmol ecul es and
correspond to the active portion of nolecular electronic device 10. In

bl yi ng A4rFy B3Ry o el exaioh o) i Setds BRRG BEQEIBANE Y,
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reduce switch nolecules 18. Switch nolecules 18 may 1 nclude a redox pair
of ol eculoxidizgsband antaxide awepiated withghpathercwiretmay be geducadnaln edebrofone of
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nol ecub ar bapger ladghiEletiveen ehleiced vaines, thérebpexpenéritdlyalteeiig the rafesf es (the

ot her half_ of the redox pair) may.be oxidized, 30 In_ another exanple, one
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fourth exanpl e Additomdl rdetaiByregerding i gendralrfdatmnesai nelacabaradledtashipidetice he
ot her wire_may Be reduced. In each of = these exanples, .oxidation or .

reduct i on 18f&¢Pe obfaineg gWé‘P Ungy fAteRtNe<6.d28+218. wiishelsiingompopated ihereipdivght
bet wegp t hgroldifeeW res, thereby exponentially altering the rate of charge
transport across the wire junction. This electronic functionality serves as
the basis for Aspaeatiomsl aldves malecidheelectvonic dévigeckH firfaydse fabriehtedtinial
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i ntegrityfalowhe active nol ecul ar |ayer .18. Referring to FIGS.

15 Referring initially to FIGS. 2, 3A and 3B, a patterned bottom wire layer 12 may
be disposed over a substrate 20 (step 22). Bottom wire layer 12 may be formed from
an electrically conducting metal or a doped semiconductor material, and may be
deposited onto substrate 20 by a conventional thin film deposition process, including
a physical film deposition process (e.g., magnetron sputtering or electron beam

20 deposition) or a chemical film deposition process (e.g., chemical vapor deposition).
Substrate 20 may be formed from an insulating material, for.example, an oxide layer
formed on a semiconductor substrate (e.g., a silicon dioxide (SiO,) layer formed on a
silicon substrate) or sapphire. After patterning (e.g., by lithography), bottom wire
layer 12 may have a thickness dimension that ranges from 0.01-0.1 um and a width

25 dimension within a range that extends from on the order of 1 nm to several microns.

Referring to FIGS. 4A and 4B, a composite layer 24, which includes a lift-off
layer 26 and an underlying barrier layer 28, is disposed over bottom wire layer 12
and patterned to define a device region 30 (step 32; FIG. 2). Lift-off layer 26 and
barrier layer 28 are formed from different materials. In particular, lift-off layer 26
30 and barrier layer 28 are formed from materials with different solubility characteristics

such that lift-off layer 26 may be dissolved in a solvent with respect to which barrier



2-8B, in one enbodinent, nolecular electronic device 10 may be fabricated
as follows. 15 Referring initially to FIGS. 2, 3A and 3B, a patterned
bottom wiwe okaysan2 12 may be di sposed over a substrate 20PCItusp2/@52 Bottom
wire |layer 12 may be fornmed from an electrically conducting netal or a
doped sem conductor material, and nay be deposited onto substrate 20 by a
conventional thin film deposition process, includi ng a physical film

d iti b
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deposi ti ofg.g., EMIHA (561§- rﬁ&hpﬁmetlﬁcfrﬂafew ahd YarAér llapéyh@tyl Hleoli’fﬂieﬁrftcﬁh afor.

exanpl e, an oxide |ayer formed sem conduct or substrate
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wi thinsa PEMS, nantbeaddposiled andpatariedebpesierentional Hithogeapstty e¢chiniquesr ons.
Referring to FIGS 4A and 4B, a conposite |ayer 24, which includes a

lift-of f (¢-8yeaptizal hﬂwsaapmn@étrwpkghﬂmrmm%%for;zbeaméltho&raabwrover
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barri g 078102 PCT/ US02/ 08452 | ayer 28 is substantially
|nsolu | e. L|1J o | ayer 26 may be formed froma polymer (e.g., PMVA
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li thograp niques - (e.g., optica graphy, ultraviol et
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| nor ganl ¢ e;qglsame%t in deta fowmar\ﬂe l%l('?lcﬂn s‘?sseluafcfa 9011%&69 %ﬂgrearcpe%%tics of barrier layer
28 protect molecular layer 16 from degradation during the subsequent patterning of
top wire layer 14.
Molecular layer 16 may be formed from a variety of different bi-stable
molecular species (e.g., one or more of the rotaxane molecules described in U.S.

20 Application Serial No. 09/282,048, filed on March 29, 1999, which is incorporated
herein by reference). In some embodiments, the selected molecular species may be
dissolved in a solvent (e.g., tetrahydrofuran), prepared as a Langmuir monolayer,
and transferred as a Langmuir-Blodgett single molecular monolayer film 16 over
composite layer 24 and the portion of bottom wire layer 12 exposed through

25 composite layer 24 in device region 30. Alternatively, the selected molecular thin
film may be prepared by a self-assembled monolayer method or by a thermal
deposition process. In other embodiments, a suitable molecular species may be
deposited directly onto substrate 20.

Top wire layer 14 may be formed from an electrically conducting metal or a

30 doped semiconductor material, and may be deposited onto molecular layer 16 by a

conventional thin film deposition process, including a physical film deposition



by conventional |ithographic techniques (e.g., optical |ithography,
ultraviolet |ithography, electron beam|lithography or inprinting

| i t hogr aphp)2/0781et ch patterning 1o techniques. As shown POTRISG30845A- 6B, a
nol ecul ar layer 16 and an electrically conducting top wire |layer 14 are
di sposed over the patterned conposite |ayer 24 (step 34; FIG 2). In the
device region 30, the thickness of barrier layer 28 is selected to be
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nol ecul ar ;.species (e,.0., pne. or.nore qf the. axane | ecul es described in
Us: 20 R ar ot spBeRifinoesed amichRhE kA eniay St 90525560 o
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EXAMPLE 1
15 In one embodiment, bottom wire layer 12 is formed from an aluminum layer
(~0.01-0.1 pum thick) with a top AlO, coating (~1-2 nm thick) using conventional
deposition and lithographic patterning techniques. Top wire layer 14 is formed from
é titanium layer (~ 1-5 nm thick) and a top aluminum layer (~0.01-0.1 um thick)
that are deposited by electron beam deposition techniques. Bottom wire layer 12 and
20 top wire layer 14 may have width dimensions ranging from about 10 nm to several
microns.

Molecular layer 16 may be formed from one of the rotaxane molecules
described in U.S. Application Serial No. 09/282,048, filed on March 29, 1999. The
selected rotaxane mblecule is dissolved in a solvent (e.g., tetrahydrofuran), prepared

25 as a Langmuir monolayer with a surface pressure of 28 milli-Newtons/meter, and
transferred as a Langmuir-Blodgett single molecular monolayer film 16 over
composite layer 24 and the portion of bottom wire layer 12 exposed through
composite layer 24 in device region 30. The resulting molecular layer may have a

surface coverage of 0.1-100 nm’/molecule with a thickness of about 5 A to about 100

30 A



Referring to FIGS. 7A and 7B, top wire layer 14 is patterned by dissolving

the lift-off layer with a solvent with respect to which the barrier |ayer

I s subst awbDioalovg10b | nsol vent (step 36; FIG 2). Because bacmiwso2bsger 28 is
t hi cker than the conbined thickness of nolecular |ayer 16 and top wire

| ayer 14, barrier |ayer 28 seals and protects nolecular layer 16 in device
region 30 against intrusion of the lift-off solvent, an intrusion which

ot herwi se woul d degrade or conpl etely destray | ecul ar yer
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thick) that are deposited by el ectron beam deposition techni ques. Bottom

wire layer 12 and 20 top wire |ayer ve wi dt h di mensi ons rangi ng
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one of the rot &xanetheleathddiment]daxtronbedred layet R isAfopineddtomranSaluimdhuixo.
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di ssoll¥edlaver 4 ~bP1Enk npethick) with ep Ak GPang ( prrichBFpENICK) WNG | angnuir

ronol e bbbt HEREABBA SRR 6o aptE SMIILRRAEE! Top vt 145,
conposi t e formy®l fréth afitanitm et (on-Dhnpoii¢ldrand & eop alminhizn tayeo$ed.0hodugh
conposite layer 24 in device region 30. The resulting nol ecular |ayer may
have a supimthick)othat agedeposited-byoelectne heamalgpesitiontteghnigues.nBogont wWillgout 5
Ato abou&ay%(ng a?ﬁ% é’p wire layer 14 may have width dimensions ranging from about 10

15 nm to several microns.

Molecular layer 16 may be formed from one of the rotaxane molecules
described in U.S. Application Serial No. 09/282,048, filed on March 29, 1999. The
selected rotaxane molecule is dissolved in a solvent (e.g., tetrahydrofuran), prepared
as a Langmuir monolayer with a surface pressure of 28 milli-Newtons/meter, and

20 transferred as a Langmuir-Blodgett single molecular monolayer film 16 over
composite layer 24 and the portion of bottom wire layer 12 exposed through
composite layer 24 in device region 30. The resulting molecular layer may have a

surface coverage of 0.1-100 nm’/molecule with a thickness of about 5 A to about 50
A

25 Barrier layer 28 is formed from a silicon dioxide layer (~ 0.1-1 pm thick) and
lift-off layer 26 is formed from a PMMA layer (~ 0.01-1 pm thick). Barrier layer 28
and lift-off layer 26 may be patterned by conventional lithographic and etching
techniques, respectively. Lift-off layer 26 is selectively removed during lift-off
patterning of top wire layer 14 (step 36; FIG. 2) by dissolving lift-off layer 26 with

30 acetone.



7 WD 02/078102 PCT/ US02/ 08452 Barrier layer 28 is fornmed froma PDVS | ayer
(N 0.01-1 mthick) and lift-off layer 26 is formed froman PMVA | ayer (N
0.01-1 mwbioek)sioBarrier |ayer 28 and lift-off |ayer 26 may/use2qmast er ned
by a conventional optical |ithography process or a conventional inprinting
l'i thography process. Lift-off layer 26 is selectively removed 5 during
lift-off patterning of top wire layer 14 (step 36; FIG 2) by dissolving
lift-off layer 26 with acetone. EXAMPLE 2 | n another enbodi nent, bottom
wire layer 12 D@pﬁ@dwsdm%meamomuleﬁ Pirmatedalsasplactgd\fas. malegular hastesi 16k )

wWth a togn lecttla QIQEﬂrﬂﬂxc(d}!v#ezld‘fHaEr@f&EQx\tM Hxﬁt'&ﬂg fg‘r%rk)l'ail&g SB'E‘@ffe‘ii b&th%&l and

l'i t hogr aphi erni ng techni ques or rre rom

titani um kaehingNuhcBongiaingdy bandeditd ogntadllably ¢onhestar didtohnedt Botlomm
thick) that are deposited by el ectron beam de osition. techniques. Bottom
wire | aydirelayahi2 agg top vare layer 144 MWHEGB afjelciromiAEare may e S8l f rom

about 10 sev S e m
one of éLt hégrrlftlgé‘:!aréglne‘?rm)IC uéﬁelisébﬁege%1 c%%lgtf’l& %ﬁl@f@kpﬂf&%ld@ ?@h e{nﬁg sfﬁ%tg
09/ 282, 048f nidléc@flao¢ledtronio @91celﬂl9ﬁ1ay'ﬁeeopaﬁdnedbeéﬂ r By @levtdcallyl siasing i s

di ssol ved |n a sol vent (e.g., tetrahydrofuran), sgwijed as a Langmuir
nonol ayer Malegular %lﬁﬁflf@’élé dewicesl(t beysmdz partiqulanibie veltage, the actve

transferr q:lbﬂ | & t | @ oeTBiA mﬂ‘ﬁ over
conposi t eﬁf!!ayerl gng Hﬁel%po ﬁ)tgnOﬁ(lfhgg%?tr%l\%%?eﬁlpayer %%QMZE%‘E)‘%‘L& rough
conposi t einitigkestalofi thedieviceeand; gherebgirréMeesiblyselose omoperi Hmdveitching stateray

have a surfac covera e of, 0.1-100, nn2/ nol ecul e wi.t.h t hi ckness of about
5 A t d0ab@hihesdsvige. i Fesonfigurable, mboSHNPRTS, Hie HteHiBE I5Vice Mk B ABSRF Do

(N, 01- 1 chosBmbifple Altes by oictighthe BBy Anit PAfRHieXT the dpbhed 2ver
pat t er ned vbitageobeyortd apgrioptiatehthgeshohd vahoed thatoetre rsglected to reversibly oxidize
and reduce the active material or molecules 18.
In general, the type of electrical connection formed between bottom wire layer
15 12 and top wire layer 14 depends upon the materials from which wire layers 12, 14
and molecular layer 16 are formed. Table 1 identifies the various types of electrical

switching functions that may be obtained from different device material

combinations.



t echni ques,

lift-off

respectively.
patterning of top wire |ayer
lift-off wapen7d@ wi th 30 acetone.
Dependi ng upon the nol ecul es or

Lift-off

| ayer 26 is selectively renoved during

nol ecul ar

| ayer

nmol ecul ar el ectronic device 10 may exhibit any one of a variety of

different electrical
connect or di sconnect bottom wre | ayer

hao

b canf

14. The

14 (step 36; FIG 2) by dissolving
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materials selected for 16,
switching functions that may be used to controll ably
12 and top wire layer

nDIeculah—eLee++eT+e—dev+ee—ﬁﬁ“ Be—s+ . SOR-=g -8B t-e—0F—ecahi-guabhe.
In singly configujable enbodinents t %?MV?F—:MQEH?B of mol ecul ar
el ect r onif c Revice e 1Metady beMstan of cl Metal: By | Spmieandugtory | Hemirerductor-
mol ecul af el¥per ofi Malavi|ce Me@abeypPrimizopductot §il Semicomdiitor ¢ Seshicapductohe
active faterial ¢r(samekd uﬂdeﬁeréﬁt)rray be oxi di z¢d (pn jurediongd | {letprojunctéor)l ly
reverse [Mesistdl (]l gpraie ofxine deV|cqxaﬁH fhereby, 1rreyersibly close€
or open “'ﬁm Sogstgte tO—ofthedevice— I reconfTgur gt e
enbodi mefts, . T'Ne°gwi tXhirg deXice pay beXopened and closednultiple tings
by cycli pechinol At ude of the app-ed—veltage—beyond
appr opr i #€SePUsihol d vallues that pre sel ected|to reversibly oxidize and
reduce t hduaaelivg [mat®ridl orXnol ecul es 8. In|general, theltype of
el ectri cqResistorectfi on forjmed betwepn bottomwife layer 15 12 and top wirle
| ayer 14|®ipénds ypon thd nmatErialk fromnXwhich|wire IXayers 12, 14 Xand
nnleculalTMQﬁ@nné are Tdrned, TabJe I identifies the variols types of
electric ﬁho§¥ﬁtc i ng functi ofts t hat nayxbe ob{ai ned ¥rom diff ferent devi de
mat eri al I&#HH {a T OmS™ WO 021078102 PCT US02/ 08452—WTE] e
Devi ce = olVE |- Metql - niconduct8$- Senicondus{or- Type N@pfj Met
Seri cond ;gg; sﬂ1conductor ni cohduct
Battery X X
TABLE 1
5 Referring to FIG. 8, in one embodiment, molecular electronic device 10 may
be implemented in a resistive molecular wire crossbar memory 40 that includes a
plurality of memory cells 42 that are arranged in multiple rows and multiple
columns. Each memory cell 42 includes a molecular electronic device 10 that is
coupled between a respective bottom wire line 44, 46, 48, 50 and a respective top
10  wire line 52, 54, 56, 58. The voltage across a memory cell is determined by the
voltages applied to the bottom wire line and the top wire line between which the
memory cell is coupled. A control circuit 60 is configured to address (or select),
program information into, and read information from one or more memory cells 42
within memory cell array 40. Molecular electronic devices 10 are activated by
15 electrochemical reduction or oxidation of the molecules 18 that are sandwiched
between the bottom and top wire lines. In this embodiment, the molecules of
molecular layer 16 are selected to have a large hysteresis in the voltammogram so
that a switch may be oxidized at a relatively high voltage and its status may be read
at a lower voltage. When a switch is (electrochemically) closed, the resistance
20 between connecting wires is low, which may correspond to a logic level of “1”.

10



(sane) (different) (pn junction) (heterojunction) Resistor X X X Tunneling
X X X Resistor Resonant Tunneling X X X Resistor Diode X X X X

Tunnel i ngw# 0X02810Di ode Resonant Tunneling X X X X Di ode pBatuser/ys4® X X
TABLE 1 5 Referring to FIG 8, in one enbodi nent, nol ecul ar electronic
device 10 may be inplenented in a resistive nolecular wire crossbar nenory
40 that includes a pI urality of nmenory cells 42 that are arranged in

mul tiple rows urms Each ry,.cell 42 includ a, .

ol ecul ar VEhen ARG sbordenelo ti Bistatels AR YER mah 2ol PN Slosic « om
wire |inelé#l of 69”.4Burther aadile régﬁ(ﬂhﬁgtthé‘%pbﬁﬁhohoom fe&idtiveembRculad créfebab8.
The vol tage across a nenory cell etermned by the voltages applied to

t he bot t omemery maydeohiaingd frap %r&mnhﬁobétmwl ch the nmenory cell

is coupled. A trol,circuit 60 | nfi gur ddre or_s Iect)
program i nf or n@ﬁﬁ%‘nerflh?%lm%mﬁ e WY ﬂber?{g’tpecﬂ% 4’?8%’ %S&r% erréﬂ'ory
cells 42 a&ﬁid?in”to”&gf&i%v@%ble@ﬂaﬂﬁn@ero‘?@da@%éﬁbgf|(ﬁﬁél‘ Rivlécuttavies 10 are
activated by 15 el ectrochem cal reduction or oxidation of the nolecul es 18

t hat are smsdbacimethorpemiestiments may inchude dntan;ay\mfrmolacubs elethomm devices
enbodi nmen t he nol.ecul.es nol ecul ar. | ay [,& S 1.0
large hy S%lprtéagp £on gqqqg%gcﬂrpyim y.oneof tlhe oeffler SW1 chmg%uﬁgt ons 1denEf511ecf in
Table 1. In addition, the above-described molecular electronic devices may be
implemented in a circuit designed to perform one or more logic (as opposed to
10 memory) functions.

Still other embodiments are within the scope of the claims.

11



that a switch may be oxidized at a relatively high voltage and its status
may be read at a | ower voltage. Wien a swtch is (el ectrochemcally)

cl osed, tWwe mmssist ance 20 between connecting wires i s | owpCEisoos¥y
correspond to a logic level of "I". 10 WO 02/078102 PCT/ US02/ 08452 When
the switch is opened, the resistance is high, which may correspond to a
logic level of "0". Further details regarding the operation of a resistive
nol ecul ar crossbhar meno e obtained fromU.S. Patent No. 6,128, 214.
Ot her enbodi neMTJ&ﬁM!gzscope of the clainms. For exanple, in 5
addition to a resistive nolecular wire crossbar nmenory, aqther nol ecul ar
wire &rossbhar lremodymethashiohfabrisating ajmelegular glectiopid deficennogpnising:

el ectroni c devi . f ' . @f St r

ui tcnfng. funct SAdeE patie 1878 (o HERR b InblQal GrRP Laftichled BibwELA'S
above- gles bottbarwir lager aid & tep wirmlager froircdegradatidre duting Ipatreriiag of theitop
circuit designed to performone or nore |ogic (as opposed to 1o nenory)
funct i hns WIR |aYel.ot her enbodi ments are within the scope of the clains. WO
02/ 078102 PCT/ US02/ 08452 WHAT IS CLAIMED IS: 1 1. A nethod of fabricating
a ol egul ar el et r oRiye Hethlodcf GARPL whesbin the dIeA1A0laFePand 1R tdpPute t O

protect a nol ecul ar layer sandw ched between a 3 bottomw re |ayer and a

top w 2e lagerhave@ancaiebinad shicknessuthatis lpsst thanrthadanfier layer pa regionre | ayer.
1 2. The .hod of claiml, ~wherein the nolecular |ayer and the top wire 2
| ayer havﬁgénwﬁeﬂgaﬁpma&skgggn{%?m‘g l ess than the barrier layer in a
region 3 defining the nolecular electronic device." 1 3. The nethod of
claimi, wherein theHeOpethodeof A% 1] Whealih thefsh Wiredagésiqfittetned by f t - of f

| ayer over the barrier layer, disposing an e]ectrically conductive 3 |ayer
over tRe wdisposingaa liftzoft layanavemnide harrieplayer, disnosingan glestrigally gpnduetive

lift- ogf I

léi})/e% 'Gver the molecular layer and the lift-off layer, and dissolving the lift-off layer.

1 4, The method of claim 3, wherein the lift-off layer has a different

2 solubility characteristic than the barrier layer.

1 5. The method of claim 4, wherein the lift-off layer is dissolved with a

2 solvent with respect to which the barrier layer is substantially insoluble.

1 6. The method of claim 3, wherein the lift-off layer comprises a polymer

2 and the barrier layer comprises a different polymer.

1 7. The method of claim 6, wherein the lift-off layer comprises PMMA and
2 the barrier layer comprises PDMS.

1 8. The method of claim 7, wherein the lift-off layer is dissolved with
2 acetone.
1 9. The method of claim 3, wherein the lift-off layer comprises a polymer

2 and the barrier layer comprises an inorganic electrical insulator.

1 10. The method of claim 1, wherein the barrier layer comprises an

2 electrical insulator.

12



1 4. The nethod of claim3, wherein the lift-off layer has a different 2
solubility characteristic than the barrier layer. 1 5. The nethod of claim
4, whereiwotobe7dinit-of f | ayer is dissolved with a 2 sol veatr/usoz/s4sespect
to which the barrier layer is substantially insoluble. 1 6. The nethod of
claim3, wherein the lift-off |layer conprises a polyner 2 and the barrier
| ayer conprises a different polynmer. 1 7. The nethod of claim®6, wherein

the lift-off layer cqonprises, PMWA and 2 the barrier |ayer conprises PDVS.
1 8. The net hodlof &%ﬁ Wﬁa}ommmlphwhﬂmmm parrigrday¢recompsssiid with 2

acet ong. JZDO?Y dhe nmethod of claim3, wherein the lift-off layer conprises a
pol ymer '8 the barrier layer conprises an inorganic electrical
insulator. 1 10. The method of claim1l, wherein the barrier |ayer conprises
an 2 ¢l ectricdR.i nsiHeamethodi®f aMind21 pwhesin BE baisist/1agers mpirises. POMS.

met hod of claim 10, wherein the barrier |ayer conprises a 2 polynmer. 1 12.

The net hod of ¢l.aim, 11, erein.the harcier | r conprises PDVMS. 1 13.
The method of §I3ai m ,n\\%ﬂprdeqf;pl@%lﬁawilp@mﬁﬁ%gprr&; YGTSGUNPLISES 4 or gani ¢
el ectr Ecalinéﬂgﬁﬂicaélé’étri Qldﬂaﬁulaﬁ)r@t hod of fabricating a nolecular electronic
devi ce, conprlsing: 5 I sposing a patterned bottomw re | ayer over a

substrate; 3 disposing over the patterned bottomwre | ayer a conposite
| ayer includi nd4a 4Alméthodfdf fabyeatingal moleararelegtronichtevides compyising:t he

COMPOoL L L L RS Shahd bom e LR ol UGS, on 7 1 S The
Lg%’ ;a(r) ;ma \7\/I (rjies poisibstieovdrihe PatteAiddeBotesReize 18/ ek Y@ mputitet B PercMBRIRGE a
4 lift-off layer and an underlying barrier layer, the composite layer being patterned to
5 define a device region in which the bottom wire layer is exposed through the lift-off
6 layer and the barrier layer;
7 disposing over the patterned composite layer and the exposed bottom wire
8 layer a molecular layer and an overlying top wire layer with a combined thickness in
9 the device region less than the barrier layer defining the device region; and
10 patterning the top wire layer by dissolving the lift-off layer with a solvent with

11 respect to which the barrier layer is substantially insoluble.

1 15.  The method of claim 14, wherein the lift-off layer comprises a polymer

2 and the barrier layer comprises a different polymer.

1 16.  The method of claim 15, wherein the lift-off layer comprises PMMA

2 and the barrier layer comprises PDMS.

1 17.  The method of claim 14, wherein the lift-off layer comprises a polymer

2 and the barrier layer comprises an inorganic electrical insulator.

1 18. The method of claim 14, wherein the lift-off layer is dissolved with
2 acetone.

1 19. A molecular electronic device, comprising:

2 a bottom wire layer;

13



8 layer a nolecular |ayer and an overlying top wire |layer with a conbi ned
thickness in 9 the device region |l ess than the barrier |ayer defining the
devi ce regoap/o7Enr 10 patterning the top wire |ayer by di esolusongssshe
lift-off layer with a solvent with 11 respect to which the barrier |ayer
is substantially insoluble. 1 15. The nethod of claim 14, wherein the
lift-off |ayer conprises a polynmer 2 and the barrier |ayer conprises a

Comnr i 506 Puniaa molefiar fay et dishosed Pxobie i iice DR IR 2 yice sttt od of
claiml4, wher giip, thee |4 I;di%fpfoFéc%@érgﬂ%ﬂﬁbie% r@aﬁ‘?'liﬂ?gé d%ﬁicé'i‘ 'Eﬁ?aﬂdi”ier

| ayer conprises an i1norganic electric I nsul at or". ) e net hod of

clai mg4, wher aibartibelayef defodibglthy device regionainddihving b thitkaess greaterthaw. A
nol ecul ar el ectroni c device, conprising:. 2 bottomw.re |ayer; 13 WO

02/ 0784 02amemhined tyglkmess of the H@%@ai’%%y?%?’é&% WIS 18V8: the bottomwire
| ayer in a device region; 4 a top wire |layer disposed over the nol ecul ar
layer {n the degi ce o ggiQilardRemoty Syfiam! k6fprityY anlgfrapiotgnsleculdevi ce
regi on and having a thickness greater than ~a conbi ned thickness of the
nol ecu? ar elegtronicatevicdse eadpmaleaularsgleetronic Zgvice GOMRIESINGr nmenory system
conpri sing an arrz%\E/o of m)'as{ f“ ar 2 electronic devices, each nol ecul ar

el ectronic devi ers g.’ 3 a bottomwi re layer; 4 a nolecular |ayer

di sposgd over Ghgoleehla® My dispoake loventl Bstvoraavire tiyen in @ devicpregiors | ayer
di sposed over the nol ecular layer in the device region; and 6 a barrier

| ayer Blefini ngatthp wise layer dispiosed aver hevinalecular fayetindhe deuisedpgiopaand 7 a

corbi g d thick rz‘aebsasrrigllf l:fyre]re ngxlﬁ%%L{hgrdeb%%gi%ﬂdarfd}}?a\}iﬂg athicknedy §1reate]r4than

7 a combined thickness of the molecular layer and the top wire layer.
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