WO 03/ 100878 PCT/ US03/ 15512 1 A LOW FORWARD- VOLTAGE MOLECULAR RECTI FI ER
TECHNI CAL FI ELD [0001] The present invention relates generally to nanoscal e
devi ces, wod3/1nsre particularly to single-nolecul e recti fegirrigpostizsdes t hat
operate at low forward and | arge reverse voltages. BACKGROUND ART [0002]
The enmerging field of nolecular electronics holds the prom se for fur- ther
m ni aturization of conputer nenory and |logic circuits down to nanoneter
size. At nanoscal e dinensions, electronic circuit elenents cannot be
fabricated by current photollthographlf nmet hods. Moreover, many of the
conventional nethods of trans- porting, anplifying, and switching currents
woul d not apply when features shrink to a few nanoneter size. Ml ecul ar

el ectronics (noletronics) should be able to provide nolecular-size

repl acenents for various el enents of sem conductor electronics. [0003] One
of the major electronic elenents is the rectifying diode, which is used
for a variety of purposes in analog and digital electronic circuits.

Previ ous pro- posals for single-nolecule rectifying di odes have been mainly

di scussed in ter ns AGFOWLPORIVARD-VOIINGE MOLREULNR RIECAMFIERN and Rat ner
(AR), see e.g. A Aviramet al, "Mlecular Rectifiers", Chem cal Physics
Letters, Vol. 29, pp. 277-283 (1974) and J.C. Ellenbogen et al,
"Architectures for nolecular electronic conputers: 1. Logic structures and

an adder designed from nol ecul ar f%g@%%%£&§%g£odes" Proceedi ngs of the

| EEE, Vol. 88, No. 3, pp. 386-426 According to the AR
mechani sm the two sides of the nolecule are co- valently attached to two

si de groups, ri'(ﬁ)gﬂf whi 'ﬁtl ge%%]@&n%«? tiﬁgggﬁg éneligﬁ th&rEgcra%V&% 1¥\? /m]boe0878

PCT/ US03/ 15512 el ecttons from ‘oackbone of the nolecule. As a
result, the el eetieuprly ¢nsnrglpymolecule rectifying diodes that operate at low forward and large

reverse voltages.
BACKGROUND ART

[0002] The emerging field of molecular electronics holds the promise for fur-
ther miniaturization of computer memory and logic circuits down to nanometer size.
At nanoscale dimensions, electronic circuit elements cannot be fabricated by current
photolithographic methods. Moreover, many of the conventional methods of trans-
porting, amplifying, and switching currents would not apply when features shrink to a
few-nanometer size. Molecular electronics (moletronics) should be able to provide
molecular-size replacements for various elements of semiconductor electronics.

[0003] One of the major electronic elements is the rectifying diode, which is
used for a variety of purposes in analog and digital electronic circuits. Previous pro-
posals for single-molecule rectifying diodes have been mainly discussed in terms of
the donor-acceptor mechanism of Aviram and Ratner (AR), see e.g. A. Aviram et al,
“Molecular Rectifiers”, Chemical Physics Letters, Vol. 29, pp. 277-283 (1974) and
J.C. Ellenbogen et al, “Architectures for molecular electronic computers: 1. Logic
structures and an adder designed from molecular electronic diodes”, Proceedings of
the IEEE, Vol. 88, No. 3, pp. 386-426 (2000).

[0004] According to the AR mechanism, the two sides of the molecule are co-

valently attached to two side groups, one of which donates and another withdraws



|l evels in the two parts of the nolecule shift in opposite directions. The
hi ghest occu- pied nol ecular orbital (HOMO becones |located in one part of
t he nol ecwbasumisre the | owest unoccupi ed nol ecul ar or bi t cT(USedBs1becones
| ocated in another part of the nolecule. This is analogous to n- and p-
dopi ng of ordinary sem conductors. Since the levels shift under applied
external bias, the HOMO and LUMO align at some voltage VF, thereby
facilitating the resonant transport of electrons through the entire Ilength
of the nolecule. At this voltage VF, the current sharply increases,
indicating the opening of the diode in"the forward direction. In the

reverse direct x!:lg)&}on tﬂ)?n llﬁ%ral%gg(bwwm%mofl&ul@%% rfesruﬁ nf}u,eé&l&oﬁ) EIQ
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[0005] While the mechanism described above indeed provides current rectifi-

cation, it has two serious drawbacks that make any practical applications of such di-
odes very difficult, if not impossible. The first drawback is the large typical values of
the HOMO-LUMO gap, Eyr >2 eV. In order to align the HOMO with the LUMO, an
external bias of at least twice the gap is needed. That puts the forward voltage at Vg >
4 V. This is, in general, an operating voltage that is too high for a molecular diode.
Even if the molecule does not burn out under such a voltage, the voltage drop would
be so large that any series connection of such diodes, required for digital logic, would
be impossible. The second drawback originates from the fact that, in practice, energy
level shifts in the donor-acceptor mechanism are much smaller than Eyp. As a result,
the reverse voltage is only fractionally larger that the forward voltage, (Vr - V§)/VE
<< 1. At the same time, for memory applications, ratios of at least Vg/Vy > 5 are de-
sired.

[0006] Thus, the conventional AR rectifying mechanism operates at large ab-

solute values of V¢ and small ratios Vr/VF, while moletronic applications require



[ 0006] Thus, the conventional AR rectifying nechani smoperates at |arge ab-
solute values of VF and snmall ratios VR VF, while noletronic applications
requi re Wood3/1430878 PCT/ US03/ 15512 3 snal |l absol ute val we3/ush3NgS1and

| arge ratios VR'VF. What is needed is a nol ecular di- ode that would
operate at as small VF as possible and at as |arge VR as possible. [0007] A
rel ated nol ecul ar di ode was di scussed by Metzger et al (see, RM Metzger
et al, Journal of the Anerican Chem cal Society, Vol. 119, pp. 10455-10466
(1997); and C. Krzem nski et al, Physical Review B, Vol. 64, pp.
085405(1-6) (2001)). In those experinents, an AR-1i ke donor-acceptor

ol ecul e was a&ﬁ?%&%ﬂtéﬁlu@s of VR ﬁ}g\em@;v.gvaaﬂsggeums ol EB1) that
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el ectrode in theg ahpbase:halhk(melvesr -Cidble ghat Gcibfatet the ibmngon efsulaagiimy chain, the
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smal | electric cur- réent om nant transport nmechanismis nost |ikely
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[0008] Thus, what is needed is a cular dio ul d be, nore conduc-

mol t hat
tive and be ba¥%&efs BRSPiTE WQIGQFFQQF%?}?“%‘?BWP t‘ﬁ:ﬁ"ﬁé‘?‘ Fe PSR por t
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| ow f or war d- vol TRge Tt e¢ roperty iIs
cies is repressddtdgtriye it Heir tae. rI-quaver because of the long insulating chain, the meas-

ured currents were of order of 10™° Ampere per molecule. At such small electric cur-

ar spe-

rents, the dominant transport mechanism is most likely to be temperature-assisted or
impurity-assisted hopping. Such conductivities are too low for the diodes to be of
practical importance.

[0008] Thus, what is needed is a molecular diode that would be more conduc-

tive and be based on the more effective resonant tunneling transport mechanism.
DISCLOSURE OF INVENTION

[0009] In accordance with the embodiments disclosed herein, a single molecular spe-
cies having a low-forward-voltage rectifying property is provided. The molecular spe-

cies is represented by the formula:
CL—IL—A—IR—CR

where A is a conducting moiety, IL and IR are different insulating moieties, CL is a
connecting group for attachment to a first electrode, and CR is a connecting group for

attachment to a second electrode.



CL - IL- A IR CRwhere Ais a conducting noiety, IL and IR are different
insulating noieties, CL is a connecting group for attachnment to a first

el ect r odewoando@® i s a connecting group for attachnment t®eca/tses it

el ectrode. WD 03/100878 PCT/ US03/ 15512 4 [0010] Also in accordance with

t he enbodi nents di scl osed herein, a |low forward-voltage rectifying

nol ecul ar di ode, or nolecular rectifier, is provided, com prising the
above nol ecul ar speci es attached between the two el ectrodes. The dom - nant
transport nechani smof the diode is el ahsti c resonant tunneling of electrons
across the nolecules. [0011] The present teachings provide a set of design

rules to buil diggiqgl - Rl GCULGE LS Wik eNBhudiiRdRs alligdkd AbLin! S1ALI Vel y
conductive and operate at |low forward and | arge reverse voltages. Such

si ngl e- mol ecul Bryvastyqliegd weifinpaelsculy diodes af melequipr gectifier, i poyigdedptohano- scal e
applicati ons. %Ing%%%htﬁ;chmp%esTﬁﬁh%W%@e[tQ@ 42dtrofidsCrheldon a

schematic structure depicting an enbodi nent of a | Qqw rwar d- vol t age
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schemati c repraseplealldsons plotted on co- ordinates of energy and di stance,

depi ct the basj rinciple of the .nolecular rectifica- tion of the
nol ecul ar rect IOﬁI/IIIng di'I:)I‘aen,res‘e tetefagIIm Slffoé%efaseé%‘ﬁ%ersrlﬁ? f@"zﬁ tN’“IIide%Il%?s a nol e-
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under forward DI as, S Icts the energy state of the nolecule
under reverse b¢tasfnan@galsprotipadsns. 3a- 3¢, each conprising schematic
representations plotted on co- ordinates of energy and di stance, depict the
enhancenment of the rectificati on%‘fro er- ti di ode by inhibiting

ties of th
current flow in the rever SR PE Ot BIirAgIrI]égﬁy gap in the density

of states, wherein FIG 3a depicts a gap in the density of states of
[0012] FIG. 1 is a schematic structure depicting an embodiment of a low-
forward-voltage single-molecule rectifying diode;
[0013] FIGS. 2a-2d, each comprising schematic representations plotted on co-
ordinates of energy and distance, depict the basic principle of the molecular rectifica-
tion of the molecular rectifying diode, wherein FIG. 2a schematically depicts a mole-
cule between two metal electrodes, FIG. 2b depicts the energy state of the molecule
under no bias, FIG. 2c depicts the energy state of the molecule under forward bias,
and FIG. 2d depicts the energy state of the molecule under reverse bias;
[0014] FIGS. 3a-3c, each comprising schematic representations plotted on co-
ordinates of energy and distance, depict the enhancement of the rectification proper-
ties of the diode by inhibiting current flow in the reverse direction due to an energy
gap in the density of states, wherein FIG. 3a depicts a gap in the density of states of
the electrodes, FIG. 3b depicts the situation under forward bias, and FIG. 3¢ depicts
the situation under reverse bias;
[0015] FIG. 4 is a schematic structure similar to that of FIG. 1, but depicting
an alternative embodiment of the molecular rectifier;
[0016] FIGS. 5a-5¢, on coordinates of energy and distance, each depict the en-
ergy structure of the molecule depicted in FIG. 4, wherein FIG. 5a depicts the energy

state of the molecular rectifier at rest, FIG. 5b depicts operation of the molecular rec-



the el ectrodes, FIG 3b depicts the situation under forward bias, and FIG
3c depicts the situation under reverse bias; [0015] FIG 4 is a schematic
structureweiogitb@rs to that of FIG 1, but depicting an al PETNSN3/VI512

enbodi ment of the nolecular rectifier; [0016] FIGS. 5a-5c, on coordinates
of energy and di stance, each depict the en- ergy structure of the nolecule
depicted in FIG 4, wherein FIG 5a depicts the energy state of the

nol ecul ar rectifier at rest, FIG 5b depicts operation of the molecular rec
WD 03/ 100878 PCT/US03/ 15512 5 tifier |5n the forward direction, and FIG 5c
depicts the operation of the nolecular rec- tifier in the reverse

direction; andufDOLfl rofbda dlﬁctuﬂnanﬁgﬁ @ @(ﬁarlc%sthé)(gpeféﬁ&f (ﬁ”@ﬂe n(ldlgculgﬂgc vol tage
(V), depict the current- voltage characteristics of the nolecul ar

rectifier, VR tfieripthe ppse diggEsarlor CARRYI NG OUT THE | NVENTI ON [ 0018] In
accor dance wi t oﬁ‘pe teaqugﬁcmuetemfc&mg I)amar%lenge degatielckang di - odes

becone avail ab oper at ve d voltages and | arge
reverse volta @ge ‘%ﬁé"tgﬁwsf’gﬁh IBC“E?\éTeftgwés R5W3;Fr el atively smal |
resistances inply that the di- odes may be organi zed in long series and the

vol tage drop al ong theB SﬁEé"h%)ﬂ Rﬁy’@@bﬂ?lrﬂ qﬁvﬁﬁwt ly, anplification

or latching of the d|g| sirgna reguire ess frequently,
effectively |ncrea5|ng the el enent density and oper ational speed of the

llogic circuit hi gh[n a&%ﬁlﬁlﬁ:@ w\{tﬂ lthte@éagﬁnés i, stu@?etmcﬁé/cgﬂ récﬁfygﬁ dpurrber s of

such di odes cgnnect ed in parallel wll conduct l ess current in the
reverse direct Pdsh beaean axpilade thg @Pe’tiﬁec?ﬂéefb’ AoV Fféw?f@)f"ﬂ?&&‘ﬂ‘éf i lBgrHEe Thi s

property per m {siatdlerteadi fo@v@e{rdl AhaRf aldabigBrelySeal ees@taa%mipeyrthmeecul ar menory
arrays. [0019] The sﬁ)ructur formof the IegdL} ar r?£ ci es tlﬂaht IS
enpl oyed in t h&des PEEOF PLEFHEFddR ae sErsTddiey adPHed® FEFEVH 1°s shown in

FIG 1. The refntmrﬁgu (m;gseQu@dg am[iliﬂc&tfbﬂbﬁlafbﬁ)m@@ﬁtﬁd daglszl Sfnabwidl be eqalitkdt | Ng part,
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groups, or noi ef § d (f‘ OVI

- logic circuit. The high reverse Voltages imply that even large numbers of such diodes
connected in parallel will conduct much less current in the reverse direction than a
single diode in the forward direction. This property permits the fabrication of large-
scale cross-bar molecular memory arrays.

[0019] The structural form of the molecular species that is employed in the
rectifying diode disclosed and claimed herein is shown in FIG. 1. The rectifying diode
molecule 10 consists of one conducting part, or moiety, 12, two insulating bridges, or
moieties, 14 and 16, and side groups, or moieties, 18 and 20 to provide chemical con-
nections to a left electrode 22 and a right electrode 24, respectively. The molecule 10

is represented herein as
CL—IL—A—IR—CR

where A is the conducting moiety 12, IL is the insulating moiety 14, IR is the insulat-
ing moiety 16, CL is the left side connecting group 18, and CR is the right side con-
necting group 20. When placed between the two electrodes, the combination of the
molecule and electrodes forms a rectifying diode, or molecular rectifier, 30.

[0020] By “conducting” is meant that the molecule 10, or molecular moiety

12, in its conducting state, has a relatively small HOMO-LUMO gap. Preferably, the



nections to a left electrode 22 and a right electrode 24, respectively. The
nol ecule 10 is represented herein as CL - IL- A- IR CR where Ais the
conduct i ngormiledsys 12, IL is the insulating noiety 14, |R iPETIUSe3/13532l at -
ing noiety 16, CL is the left side connecting group 18, and CRis the right
side con- necting group 20. Wien placed between the two el ectrodes, the
conbi nation of the nolecule and electrodes forns a rectifying diode, or

nol ecul ar rectifier, 30. [0020] By "conducting"” is neant that the nolecule
10, or nolecular moiety 12, in its conducting state, has a relatively
snmal | HOMO- LUMD gap Preferably, the 03/100878 PCT/ US03/ 15512 6

HOMO- LUMD gap 4 %BM@) F Eis WEQQhé)Ean &uz;bm% iR & eQVSucﬁéﬁlgll SRk HOMO- LUMD
gap nol ecul es |nc u erenes and their derivatives, conjugated
aromatics, subHM&seapareksrles inqlysle Sellerepesrrag feir derppiney cpudgated prepatics,
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such as tetrathi mdlpbfmahe_emﬂl o Withgut ahdl- -Ne@+ Myaﬁ@qpacmantﬁ&mmjé-TCI\lQ) :

[0021] By "ins I ar noiety
14, ini tg a{n% étltnlla C ? a%ﬂo}e cgéjpltg fgrél P I vgltgraﬁgﬂml\%geﬁmf%}% gap.
Pr eferabl Y, th@tra%@@u&mﬂg’a@(mﬁ%thl n the range of about 6 to 10 eV.
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and acyclic, and other typical monomer units used for polymeric materials, including

biopolymers, such as sugars, amino acids, and nucleic acids. Rectification is achieved
by ensuring that IL 14 is not the same as IR 16. For example, both moieties could be
saturated aliphatic, but of different values of n.

[0022] The shorter insulating spacer, here 14, controls the width of the energy
resonance and therefore the current rectification ratio. The longer insulating spacer,
here 16, controls the overall resistance/conductance of the rectifier 30. Finally, the
length ratio of the two insulating spacers 14, 16 controls the voltage division between
the two barriers and therefore the asymmetry of the current-voltage characteristics
and the rectification ratio of the rectifier 30.

[0023] The connecting groups 18, 20 that link the insulating moieties 14, 16,
respectively, to the electrodes 22, 24 may be thiols (-SH) to facilitate attachment to
gold electrodes, NC-C-CN to facilitate attachment to aluminum electrodes, and/or '
amphiphilic/amphophobic groups to facilitate the formation of Langmuir-Blodgett
films. Other connecting groups for connecting to other electrode metals will be
readily apparent to those skilled in this art.

[0024] The molecules 10 may be terminated by connecting groups 18, 20 that
help to orient or attach the molecules to electrodes 22, 24. The molecules 10 may be

oriented in a Langmuir-Blodgett trough, they may be attached to an electrode as a



[ 0022] The shorter insulating spacer, here 14, controls the width of the
energy resonance and therefore the current rectification ratio. The |onger
i nsul ati ngogpaemsrs here 16, controls the overall resistalca/usontiser ance of
the rectifier 30. Finally, the length ratio of the two insulating spacers
14, 16 controls the voltage division between the two barriers and
therefore the asymmetry of the current-voltage characteristics and the
rectification ratio of the rectifier 30. [0023] The connecting groups 18,
20 that link the insulating noieties 147 16, respectively, to the

el ectrodes 22, 24 may be thiols (-SH) to facilitate attachnent to gold

el ectrodes, NC'QE&Nrﬂb%dfn%ﬁbIL}lei 3t ﬁae?%ﬂﬁé‘ﬁ@ﬁ@&wé H& a"f’x{( W3k B 61 iR Gdades,  and/ or
anphi phi | i c/ anphophobi ¢ groups acilitate the formati on of

Langnui r - Bl odgdgtse 244 hl&%v or@t%wowﬁeetlﬁ POBr BEEIB GFOROIIMELTBNY to ot her
el ectrode netalsemi || be readily apparent to those skilled in this art.

[ 0024] The nol ecules 10 be. t er m nat by canppect.in u 8, 20 that
help to orient Wlatt acﬁﬁt'?‘%’é“eﬁﬁ’ﬁéfﬁ‘ﬂ’se%o"fd&e@?;%@tl H‘éaé‘m?%"g‘?%npbf’ﬁé mol ecul es
10 may be ori estvedh thenmﬂechlaﬂg)rm&meaeadgetzv. HMrionegtequitel @y satmeytedden. Bt t ached t o
an 6| ectr Ode a%hds caseé m?)i%gl €S WoukFi)?r{: %Pspg OJTES?]IeCtI‘O%F §$ l2£ Va Seewnballc Ed rmn0| ayer

or they may be ense "and hi ghl y
ori ented nonol dyreWaaIQhEergen,bmtld’mcc Givnlewb) brgdg Moe plsctlb$ W@@d amyrohehe absent .

[0025] The CO”@E&%JdQ& gk 9&93% a‘%bldhrﬁ afrbedl?elagyeﬂattheiilflsulfaﬁ}{grﬁ?otlét19§114of6 coval ent bonds
bet ween the nol ecules 10 and the e ectro es 22, 241s not fequired for some

reason. In thil26ase, Hes wediing Pringplyedi|ty meleewypecdifiert Y dipdosed ak r odes 22,

24 via the weakgimeddbreinGase 8RS twd WEFHAGBE: (19¢patiad Ry embs0ik @YRdergdonds. The
el ectrons would go fromthe electrode 22, 24, across a vacuum gap,

directly to thé‘sy ating noieties 14, 16. [0026] The working principle of
t he nol ecul ar neet) fi er TRGpaiabslamer, asds thed thd dordhctiverpait M2 bSthdasied on t he

two asymmetri €Rule (1& )w %::.[ml i@ lthmal‘g%‘x rgpe%t Inotefer- 1ze) qu.':mQuer 9(% is sa}isi%mgreom

middle of the molecule towards one of the electrodes, here, 22. This is achieved by
making one insulating part, here 16, longer than the other, here 14, as depicted in FIG.
1. As a result, most of the voltage drop will occur on the insulating moiety 16. The
chemical potential of the conducting moiety 12 will remain nearly unchanged and
equal to the Fermi energy of the closest electrode (the left electrode 22 in FIG. 1).

[0028] The energy asymmetry means that the equilibrium Fermi energy 26 of
the electrodes 22, 24 lies much closer to the molecular LUMO than to the HOMO; in
this connection, see FIG. 2a. (By definition of the conductive part, both the LUMO
and the HOMO are located on the conducting moiety 12.) In principle, the Fermi level
26 could lie closer to the HOMO instead, but such a situation is unlikely to happen in
practice. The typical values of Ef (electrode work function) and Epymo (molecular af-
finity) are both in the same energy range, about 2 to 5 eV, while typical values of
Enomo (ionization energies of the molecules) are larger, about 7 to 9 eV. The energy
asymmetry can be manipulated by changing the electrode material (metals with dif-
ferent work function) and the doping level (for semiconducting electrodes) and by
changing the composition of the conducting part 12 of the molecular rectifier 30. For
instance, a larger conducting moiety 12, e.g., anthracene, has a smaller HOMO-
LUMO gap and larger absolute value of E;ymo than a smaller conducting moiety, e.g.,

phenyl. The use of heterocycles allows an even finer tuning of the LUMO energy. For



[0027] The spatial asymmetry neans that the conductive part 12 of the nole-
cule 10, which can be thought of as a nanoneter-size quantumdot, is
shifted fwormsis78 mi ddl e of the nol ecul e towards one of tIreTAISep1FS0zeES,
here, 22. This is achieved by naking one insulating part, here 16, |onger
than the other, here 14, as depicted in FIG 1. As a result, nost of the
vol tage drop will occur on the insulating noiety 16. The chem cal
potential of the conducting noiety 12 will remain nearly unchanged and
equal to the Ferm energy of the closest electrode (the left el ectrode 22
in FIG 1). [0028] The energy asymretry neans that the equilibrium Ferm
energy 26 of then&l &ehltd&Sn 2 dix-ntthbki B3 SHHEMe EUNRPIwh By Lb&: fBlPCUl ar LUMO
than to the HOMO in this connection, see FIG 2a. (By definition of the
conducti ve par tWo BB HECPEREP VA the HOVD are | ocated on the conducting

moi ety 12.) | ngmbnci pl BIGSt be2d-@pidt the xal pnnaﬁlecwuakdechﬁ@n@ﬂ@ﬁtﬁémbo t he HOMO
i nstead, but s

i , .St ion i i ke en i ract . The

typi cal val uest‘%i‘l a%ﬁgdfeﬁ%g’ ({yf%gﬁlgesr%&l; W?nﬁf‘n%]tqt g?‘lﬁcr?‘%% Bﬁ?ﬁfpi ?TBIP]I@‘B‘EE] ar af -
finity) are botihbetwednheo samecl@netey 92, rza.rﬂjés 2ak20 depi@ tﬁeaffﬁctef/biawdmthee typi cal
val ues of EHO}{Qm{l IleQQIZ% %hegrw ?SQE »%rﬁ%una on OP %F n?gl%ﬁ%Aﬁ#éff I% rt]hge: e er, about 7

to 9 eV. The energ e eI ectrode
material (et altlzém\%fﬁ@lw @f ﬂﬁe—rmflmubrw Klgr ko fiean@talllavﬂﬁ)culalh@ththéFH@%TYlg:Sd evel (for

sem conducti ng tl@iln & Erqugfﬁ%}ffe?cﬂglel%ﬁs o@ﬁ@ ﬂlgl'llﬁﬁg i)znﬁerg UTPOR 'chnQéledQB t\)&(h e
conducting part of the nolecular rectifier For instance, a |arger

conducti ng noi é‘%eﬁaufz*ead%z%‘; 24, rgmpetiivele- e, 2hdsicl t‘%afrﬁlllqeéfor‘mas Vs gap and

I ﬁr gelr a%'s1 ol ut euvat es %erEihU:i@ntmﬂﬁ 1BveS I6Y h16hs Q?ﬂdl@%ﬁﬁdﬁ&ldgﬂhcﬁcylarhe E T
en e us cles allows an even finer tunin e

bner gy, For worosi & BEFaTERERes oty WY Rk YinBE cubbrn rigin i n a

Si x- menber ri ndefskerhilevet 26e ahgxilb/@nﬂthoiagpctaigomm%ﬂarZeveMLUMmoSumetmcmgens by

about 0.4 eV, %?ﬁre Q0488 @é@%gt gng%glngz?ngr?%anrlé??6ga 1 G B, dﬁ%!e Rlig; of the

rectification of the no- r ode nergy diagrans. FIG 2a
schematically d@prhetcgmepnn@me@QHSéS W@%Mﬁmﬁwﬂﬁlmﬁmceéﬁ%@mmﬁ% 22, 24.

FI'GS, 2b-2d dephgtriché &f bRESinhalpdi@s on the

[0030] As used herein, the terms “work function” and “Fermi energy level”

are essentially interchangeable, both for metals and degenerate (highly doped) semi-
conductors. The only difference between metals and semiconductors is that in the case
of semiconductors, the affinity is given and the position of the Fermi level can be con-
trolled by doping, while in metals, the Fermi energy/work function is fixed and cannot
be controlled.

[0031] It will be noted that the insulating units 14 and 16 affect the electrical
properties of the molecular rectifier 30 in different ways. The shorter unit, here 14,
determines the largest (of the two) coupling of the conducting unit 12 with the elec-
trodes 22, 24, and, consequently, the sharpness of the energy resonance, as mentioned
above. The sharper the resonance, the steeper the current rise close to the resonance
and the better the rectifier. The longer unit, here 16, determines the voltage division
between the two barriers and the overall resistance/conductance of the molecular rec-
tifier 30, as also mentioned above. A longer unit 16 reduces Vr and increases Vr/Vp,
resulting in better rectification. However, a too long unit 16 reduces the overall cur-

rent and increases the RC time constant of the device 30. In practice, the molecular



Ferm Ilevel 26, where Wis the work function of the metal and AFFINITY is
the elec- tron affinity of the nolecule 10. FIG 2b depicts a nolecule 10
wi th AFFIWDDY/10e83s than Wand with different |engths of wPleg/tuseywsati ng
barriers 14, 16 is connected to two netallic |eads 22, 24, respectively.
FIG 2c depicts that under forward bias VF, the current rises when the
right Ferm |evel 26b aligns with the conducting nol ecular |evel (LUMD).
FIG 2d depicts that under reverse bias VR, the current rises when the
left Ferm |evel 26a aligns with the cogductl ng nol ecul ar | evel (LUMD).
Since nost of the total voltage drops Oon the right insulation barrier 16,

VR > VF. It w ke 36‘9&&9 s QsotGQ@Eetvb B:QoISHPAu%I ¢oProhibe béfhed € Om tted,

since their presence has mninmal, if ef f ect t he foregoing
anal ysi s. [003@@9&@%&%@‘@“@?%‘3 C‘{nlsi*éntt"@ihﬁ%ev‘c\‘i\zor k functl on" and "Fer ni

energy level" [@Bﬂ essemie gbdedt hmblbRIaE€ hangeadol @qmb@tahmﬁ@m pepertics iaNd

degener at e (h| uctors. i f.ference between
Totale and SenoNhETE RO RE FRuDO A Ha Sised Sho e L TIUNGLTTGr 5.t he
affinity is gi \[tmm]and tHGSpBbS?octlllﬁHtratefthetdﬁﬁanE@Iem ofl thw eettifeationpeopeins trol | ed

by dopi ng, whil % Fer ner workfunctd on 1s flxed and
cannot be contoftcl)lf:fectl e} %}'3 1@%{@ e?t 3¢ "o reﬂ rfs?'u tf%eduf{r?l)saﬁlen?r% ng units 14

and 16 affect wheingheedehyity ©dbtatep Agpiarconrestingfmaidties o 2@ ewglomittedeldGi 34 er 30 in

di fferent Way s shomg gﬁh@fﬂe%@ns%ét&tes otPﬁllé gleéltr%des ZQ%eAtrEblﬂ@§ollta£beV l @k ggst (of the
two) coupling of the conducti n%1 uni t he el ec- trodes 22, 24, and,
C|

consequent |y, t9eoidhragaptbens with W@n‘@ﬁ%dﬂf’lﬁcémﬁﬁbgw AehiglenNed  above.

The sharper they, rx@ﬁ)ﬁﬁx@-'ﬂﬁlﬁehn& lBecombe BRPBEsi N @ic bl HeGRdk dFiaSAlabik GigA eleo- t he
resonance and the bett er

rectifier. The |on ere . 16,
det er mi nes t he "0Yf F&ge ATV "éﬁ%ﬁhe PEFRRERs R ?%gtl?ér r geﬁtfv (e overal |
r esi st ance/ condweh ¥pael bf, theh therrmlilk baidodne sub@@atiat ¢ufitedtrin $6 foraad dir®doment | oned

above. A | onger t?g' ingerv']aﬁgr € QIUE @Sg?\{(? 3‘%5.I (évhhgl gor §nq%%¥ﬁ/n§ﬁ reve{:sgalt{l,c{l!)rp g in

better rectific I'ong e overall cur-
rent and i ncr ed8€s3d. Héatmumdehﬁwmsa(ﬁ@ éﬁ) thethdelﬁilt@emgmelﬂﬁb fieactice, the

nol ecul ar WO Oi%&liti]x %&zﬁd&%éﬁéﬁl%éél gvailgﬂe in the left electrode 22, and the current

flows. On the other hand, under reverse bias (FIG. 3c), by the time the left Fermi level
26a aligns with the LUMO, there are no states available in the right electrode 24, and
the current is blocked.

[0034] Such molecular rectifiers 30 will display large negative differential re-
sistance under positive bias. In this respect, they behave similarly to the conventional
semiconducting tunneling diodes. However, under negative bias, the behavior is quite
different. While the tunneling diodes conduct very well under the reverse bias, the
molecular rectifiers 30 disclosed herein conduct very little.

[0035] One important parameter that determines the forward turn-on voltage
is the energy difference between the Fermi energy of the electrodes 22, 24 and the
LUMO of the rectifier 30, which depends on the work function of the metal and affin-
ity of the central conjugated segment of the molecule. This energy difference can be
adjusted by several different procedures in order to optimize the over-all performance
of the rectifier 30 and the circuits in which it is used: (1) utilizing different electrode
materials with a different work function (or Fermi energy position determined by dop-
ing if the electrode is semiconducting), and (2) utilizing different A groups to adjust
the HOMO-LUMO gap or the electron affinity. Note that the HOMO and LUMO can



rectifier 30 has to be designed such as to achieve an optimm conprom se
between the rectification ratio and tinme constant of the device. [0032]
The presewDognbwsctil ar rectifier 30 acquires additional pregarusoysssii used
Wi th sem conductor el ectrodes that have energy gaps in their density of
states. [0033] FIGS. 3a-3c illustrate the enhancenent of the rectification
properties of the rectifier 30 by inhibiting current flowin the reverse
direction due to an energy gap in the density of states. Again, connecting
noieties 18, 20 are omtted. FIG 3a s@ows a gap in the density states of
the el ectrodes 22, 24. At sone voltage , the bot- tomof the gap aligns

wi th the condugfd 3¢ oﬁ"ﬂle% E@r@;foné?ﬂf t?)'uf s alsb M;%le f@ttth@H@Nﬁf to\éel%ng Mghe resonant
tunnel i ng becones i npossib due t he avai | abl e final elec-

troni c states. POEGPEEIRYP 98 %ﬁ%the &k?t@ﬁf 2Mé¢reﬂ>ﬁ‘tslﬁel¥ &YZ@W%@W& Vg. If Vg
lies in be- twaesind/Erodnmb, MRit if fssivlé heuR twﬂdmb&mgapshﬁz dnagik bdhe Current in

the forward directi e. interval VFE < |G 3b), while no
current at all n?tﬁref’g‘g °f%€/§‘?‘gaélnaf?n%p€f‘?n5r'}¥ léﬁféer %‘?er gAI:'hat is, under forward
bias (FIG 3c) [00délen t hin rongtﬁref&ﬁaﬁrrhmﬂoémht a6dH e&bt@ﬂés 20w2t).haré hetl UMD, t here
are still stat ? 190n§ cL‘.orsblm% hav apgm tge]: Een§ (%sta VINg clos Q)q et:p% 1&:%” rent

Her hand, unde F &‘ %? B CPRE

flows. On the o rever se e the
left Ferm | evédvel 02@& Im1¢cghlsrevt4fteh3(t ﬁ@fetablv[)he g#IErnetharielsmofssta@s esulavai | abl e

in the right eInpslt,a&agethz4esoﬁﬁﬂcmmethﬁughrtfﬁmmae%ulgl QGkeds0. [F0: ﬁflméuch

nol ecul ar rectifiers splay large ne%atl ve differential re-
si stance under Pﬁf?éﬁbly’@ér%il%” ﬁlﬁpl%yﬁPétr‘ﬁné%eﬁété‘F ifferreyel reiNaRFe eichi l arly to the

Epnvent ihongl ] geavIcondugt aﬂagle% y:][aﬁ&kd Et?oodinﬁﬁ'te%e Ihlgm&‘sborlt Hﬁélﬁﬁlsrﬁlgsgat [ veOI t
1as, the ehavior is | | ren neliln I Qaes conauc
very wel | under*¢Hgt ?‘%‘@E?gs‘éf %ﬁcg%“s FiREn bt ‘“ecérﬁ?eéﬁ’r%‘ Opghet g"ng " scl osed

her ei n conduct msecylarlortitl lecated@HA5] One |rrportant par arreter t hat determ nes

the forward tur n vol IS fer nce n_the Ferm
energy of the é‘f}’ @trodeisnaa%ﬁeméﬁas heefﬁregogr{gu o’*g gmroee%lfle er°30, which

depends on t he fibretifigaorleare b0 it H@lqtpétnaFIGaﬁdnalflsf ¢ae, one of tigf miuheng:ent ral

conj ugat ed segnRAtieOherd NE 1%1&&“’{1% molddhis: (EMEEMbyitl if E&bLNEH, can be adj usted
by several differenf procedures in order to optimze the over-all
per f or mance [0039] Now consider the operation of the device 130 comprising electrode 22,

electrode 24, and rectifying molecule 110 therebetween. The energy structure of the
device 130 in the absence of any bias is depicted in FIG. 5a.

[0040] To a first approximation, one can assume that the entire voltage drops
on the longer insulating part 16. This happens because of two factors. Firstly, the in-
sulating part 16 is physically longer than the conductive part 12. Secondly, the insu-
lating part 16 has a lower dielectric constant, hence a higher electric field. Thus, refer-
ring to FIG. 5b, the LUMO remains fixed with respect to the left Fermi level 26a but
moves with respect to the right Fermi level 26b. So, under forward bias, the right
Fermi level 26b has to cross only a small energy distance Epymo - Er in order to pro-
duce a sizable electric current flowing through a conducting LUMO. On the other
hand, under reverse bias, as depicted in FIG. 5c, the right Fermi level 26b has to cross
a large energy difference Er - Enomo, to produce a sizable current flowing through a
conducting HOMO. As a result, the full current voltage characteristic will be highly
asymmetric, producing the desired rectifying effect, as shown in FIG. 6.

[0041] It should be emphasized once again that the manipulation with con-

stituent elements of the conducting moiety 12 allows nearly arbitrary adjustment of



of the rectifier 30 and the circuits in which it is used: (1) utilizing
different electrode materials with a different work function (or Ferm
ener gy powptmamsdet ermi ned by dop- ing if the el ectrode i PCTarsoyoisadcti ng),
and (2) utilizing different A groups to adjust the HOMO LUMO gap or the
electron affinity. Note that the HOMO and LUMO can WO 03/100878

PCT/ US03/ 15512 - 10 both be on the A conponent, but it is also possible for
the HOMO to belong to the connecting group 18, 20 to the el ectrode 22, 24,
respectively. By changing the con- necting group 18, 20, it is possible to

tune the HOMOD LUMO gap i ndependent of tlrlle nature of A or the insulating

conponents 14, g Ozixdcﬁtnﬁalrtﬁﬁ{g‘ abiliBf is E’l@wde{dqg%gllg él&tr@&ﬂa@ 2Pakek arefiTDOdi nent
t he el ectrodes , are sem conductors and have gaps in the densi ty

of states |yind°H %%‘é‘O‘ESoF‘t‘ I‘f@taﬁ“ﬁn‘d’%‘ief Plgtinumefid ity Er T et HoP¥Rsmy ecti fi er
30. Preferablyafkenhgaps4bnvt Iwﬁthdmﬁmcmaptumt@gwro%w!dev ite ued ecki ng the

resonant curre hrou t he .nol ecul ctif . Finally, npst
preferably, th OtP%&‘flf gets W§bld&qa§maat§}‘g{a§eg blaﬁ%%g?‘it\%qgﬁ%@?aé?ﬁi al

resi stance eff ésk, the @@@Bﬂqth Ahel@;ﬁ@cteh@bulqbfeeﬂen e d. Uavidh getiingetatow HeEhismai n
transport nechani n n 94,258l r.ons.. bet t he

el ectrodes 22, %gﬂﬁleﬁh%Ch{‘]rgggc%gdm&%wp?d Ibree% gO%Ofﬂge?ungﬁvg?:g ed on A
[0038] In a spé@ﬁal casﬁowvelt,ltl@IIEQWf@g@Pr@BCtr@bt(leftyleﬁ@ddB@ded aodcesiul e 10, a

nmodi - fied r eCtAl ebél:tﬁge '@h?glgéu%dé]-é-ﬁg vxloﬁldci:?eq{e%qgeﬁlﬁ f{: ldq}nat%vouidrbuh bﬁes case, one
of the insul atlglgd noi eties, here, 14, Iis omt [ ecul ar rectifier

device i s denof-d¥Q o tygdmgtionngs e porkdfipsgion ‘i‘ﬁ@efkﬁﬁéf ]a‘t P%n“sc?ffest‘lﬁéhedew ce 130
conprising el e@UWam?g'ét closéd 16 6f, irREBy ducin@fd f6r@etibfay hlagmproligcyd §:-110

t her ebet ween. The ene St deyi 130 i.n the absence of any
bias i s depict ‘Hmi”f?e reﬁ et ﬁibﬁgf tII‘%]t“QMpl P pe ‘%5%?‘38%? BiPgrrlospife can
assune that theheent Spmﬁed(’r'kfnagmer@rzapsme eectibee 22 am,gmreby fesultigd ih agmgdlart 16.

Thi s happens b %&s%ﬁfe%afag \\/\D<3c }%{au §malle VF 1% ] eénor q’fectlvalthsel%!:c?‘herqgo ! art 16 is

physi cally | onger than the co Irve insu- lating
part 16 has a Abthesan M%%HW%HMQEP s ah dnfereal ehamctgh&élp ofhewtleduls fi el d.

Thus, refer-  119andis always finite, Eu> 2 eV. Consequently, Vg ~ Eyr and V/Ve >> 1.
[0043] The present mechanism provides molecular rectifiers 30, 130 with pre-
cisely those characteristics that allow a variety of logic and memory moletronic appli-
cations.
[0044] Three specific examples of single molecules 10, 110 suitable for use as
molecular rectifiers 30, 130 are shown below (without the electrodes). The corre-
sponding electrodes have to be chosen such as to minimize the energy difference

Eiumo - Er in order to have the lowest possible value of Vr.



ring to FIG 5b, the LUMDOremains fixed with respect to the left Ferm

| evel 26a but nobves with respect to the right Ferm |evel 26b. So, under
forward bwevz/odses ri ght Ferm |evel 26b has to cross onl yca/ssoslisiener gy
di stance ELUMO - EF in order to pro- duce a sizable electric current
flowi ng through a conducting LUMO On the other hand, under reverse bias,
as depicted in FIG 5c, the right Ferm |evel 26b has to cross a large
energy difference EF - EHOMO to produce a sizable current flow ng through
a conducting HOMO. As a result, the f kl current voltage characteristic
will be highly asymetric, producing tfie desired rectifying effect, as
shown in FI G @4$0041] It should be enphasized once again that the

mani pul ati on m% h ‘con- stituent elenments of the conducting noiety 12 all ows
nearly arbitra dj ustment of WD 03/100878 PCT/US03/15512 11 ELUMO.

Addi tional tuninglability is provided by using electrodes 22, 24 with
different work fungtions. For instance, consider platinum (Pt) with EF =
-5.6 eV and al um nu (Al') with EF = -4.2 eV. Wth the nol ecular LUMO at
ELUMO = -5.0 eV, the~yse of both Pt electrodes would lead to a too |arge
forward bias of about |0.6 V. At the sanme tlne the use of both A

el ectrodes woul d resykt~_in the LU X . woul d lead to
chargi ng of the nol @ 110 and breaki entire device 130.
[ 0042] However, the wse-of one Pt el ectrag ctrode 22) and a

second Al electrode (jright electrode 24) would create an internal field
that would pull the MV down by a fraction of the work function
difference of 1.4 eV. As a result, the LUMO W II get closer to EF, thereby
reduci ng the forward bias and inproving the per- formance of the rectifier
130. Thus, the LLMK&pan be designed to lie rgf er close to the

pre- speC|f|ed Ferm™’energy 26 of the electrodes 22, 24, thereby resulting
in a small absolute value of VF << EHL. The smaller VF is, the nore
effective the rectifier 130 is. At the same tine, the FKI()LLM()gap is an
internal characteristic of the nolecule 110 and is always finite, EHL.> 2
eV. Consequently, VR EHL V=n he present nechani sm

provi des nol ecul ar recti

HOOC

—

130 wi th pre-

(III)

[0046] In Formula (I), the conducting moiety 12 is the benzene ring and the
connecting groups 18, 20 are -SH. The insulating moiety 14 is given by the -(CH,)-
group, while the insulating moiety 16 is given by the ~(CH,)s group. In Formula (II),
the conducting moiety 12 is again given by the benzene ring and the connecting
groups 18, 20 are also -SH. The insulating moiety 14 is given by the -(CHy)- group,
while the insulating moiety 16 is given by the methyl-substituted two fused cyclohex-
ane rings (methyl-decahydronaphthalene). In Formula (I1I), the conducting moiety 12
is the 2-naph-thalenol group. The insulating group 14 is given by the -(CH,),- group,
while the insulating moiety 16 is given by the -O-(CH,)s~CHs group. The connecting
moiety 18 is given by the -COOH group. The connecting moiety 20 is absent in this

formula.



cisely those characteristics that allow a variety of |ogic and nenory

nol etronic appli- cations. [0044] Three specific exanples of single

nol ecul eswD®3/141808 sui t abl e for use as nol ecular rectifi ePE€TAGE3/1BMR ar e
shown bel ow (wi thout the electrodes). The corre- spondi ng el ectrodes have
to be chosen such as to mnimze the energy difference ELUMO - EF in order
to have the | owest possible value of VF. WD 03/100878 PCT/ US03/ 15512 12
[0045] SH HS SH SH (1) (Il1) HOOC (111) [0046] In Fornula (1), the
conducting noiety 12 is the benzene rlq and the connecting groups 18, 20
are -SH. The insulating moiety 14 is given by the -(CH2)- group, while the
i nsul ating noi ¢dod7j16 i STRH MBRLIGY dfsé]@sed &@él%)xn‘%d%%@or fdrﬁlmg%féwmﬁ 1), the

conducting noiety 12 is again_given by t benzene rin e connecting
groups 18, 20 &f@s mpybe usahio pepfoEn p pasigly of ﬁlﬁ@wﬂﬁnéfwfoma Yagetgpv@?ﬁﬂbiy t he

- (CH2) - group, vicédund Eirchfcb&"oﬂ nﬂ@b&h@tmgrt@mﬁﬁhlg bya ﬂlﬁrokc'ile GhdeRbh dh nhildSeale.

nmet hyl - substi t ted tﬁ? qsed c&q(g $ ane. rin
(et hyl - decahy dPoREBREFRPEHIETS DF R ERY SRV §p arFﬁ@”@ﬁﬁﬁG%?“ﬁbmhnlety 12
i's the 2-naph- tigedl enoihg gnd opmubiegtions) Sutl@tlam@irg koksPar Ifeniosy O7.9.€Putday t he

CH2) 2- , ety 16
_8(0342) 6grcﬁ|gpg6 1288 &%ﬁ}egﬁarwggﬁogh&@&%méf@fgmbgus’ ot a%'%}é%c TDOOH gr oup.

The connecti ng r%welwmm@emsfom@wlax wiiret dugssbar fiepyaniy mlecm“m@har@%%B
PCT/ US03/ 15512 andjyg’xel arrays for displays.

INDUSTRIAL APPLICABILITY

[0048] There has been disclosed a single molecular species that functions as
low-forward-voltage rectifying molecular diode for nanometer-scale device applica-

tions.



[0047] The technol ogy di sclosed and cl ained herein for form ng nol ecul ar
rec- tifiers may be used to performa variety of functions and to forma
vari ety oWouwsabass de- vices and circuits for inplenentingPCargsos/iisg on a

m croscal e and even on a nanoscale. For exanple, applications include

nol ecul ar wire crossbar interconnects (MACI) for signal routing and
communi cations, nolecular wire crossbar nenory (U S. Patent 6,128, 214),

nol ecul ar wire crossbar |ogic (MACL) enpl oyi ng programrmabl e | ogic ar- rays,
a dermultiplexer for a nolecular wire crgssbar network, nolecular wire
transistors, and pixel arrays for displiays. | NDUSTRI AL APPLI CABI LI TY
[0048] There has been disclosed a singl gyl ecul ar species that functions
as lowforward-voltage rectifying nolecular diode for nanoneter-scale
device applica- tions. WO 03/100878 PCT/US03/15512 14 CLAIMS Wat Is
Clainmed Is: 1. whasistiiged®! ecul ar speci es having a | ow forward-voltage
rectifying property, said nolecular species represented by the formula: CL
- IL- A IR CR where Ais a conducting noiety, IL is a first insulating
nmoi ety, IR is a secbrcingiemsildcair spgiesbaving i 16w forvdafeyoitg¥eecayink bropédy, i S a first

connecting gro ment akirst electrode, and CRis a second
connecti ng groEBdPglﬁGw%%p%%ﬁ%mtsente%bé séoé%lr?\% el ectrode. 2. The nol ecul ar

species of Claim1l wherein said nol ecul ar Eem es is repre- sented by the
formula: CL-A- |- CR where 9L TslanAndBrafRng noiety. 3. The nol ecul ar
species of Claim1l1l wherein A has a relatively small HOMO

where A is a conducting moiety, IL is a first insulating moiety, IR is a second
insulating moiety not the same as IL, CL is a first connecting group for attachment to
a first electrode, and CR is a second connecting group for attachment to a second

electrode.

2. The molecular species of Claim 1 wherein said molecular species is repre-

sented by the formula:
CL—A—I—CR

where I is an insulating moiety.

3. The molecular species of Claim 1 wherein A has a relatively small HOMO-
LUMO gap compared to IL and IR.

4. The molecular species of Claim 3 wherein A has a HOMO-LUMO gap within
arange of about 2 to 6 eV.

5. The molecular species of Claim 3 wherein A contains either a low-lying

empty state (LUMO) or a large electron affinity.

6. The molecular species of Claim 5 wherein A is selected from the group con-
sisting of conjugated homo-cycle aromatics, hetero-cycle aromatics, conjugated

hydrocarbon chains, and fullerenes.



LUMO gap conpared to IL and IR 4. The nol ecul ar species of Caim3 wherein
A has a HOMO- LUMO gap wthin a range of about 2 to 6 eV. 5. The nvol ecul ar
speci es ovo@anesr8 wherein A contains either a | owlying Pemutsy3/sisat e
(LUMD) or a large electron affinity. 6. The nol ecul ar species of Claim5
wherein Ais selected fromthe group con- sisting of conjugated hono-cycle
aromatics, hetero-cycle aromatics, conjugated hydrocarbon chains, and

full erenes. WD 03/100878 PCT/ US03/ 15512 15 7. The nol ecul ar speci es of
Claim3 wherein IL and IR each have a I—{I?\/D LUMO gap within a range of
about 6 to 10 eV. 8. The nol ecul ar species of Claim3 wherein IL and IR are
selected fromthe group consisting of saturated cyclic hydrocarbons,
saturated acyclic hydrocarbons, sug- ars, am no acids, nucleic acids, and

mononers of pol ymer’s Thawplatylas siteeies | GaindevipreindE gad IRHERIDhveBRED- 9. The

nol ecul ar - specit@M®fap Hithih Axhgd¥reoRi dro3@b@ connectors CL, CR are se- |ected
fromthe group consisting essentially of thiols, thiol-term nated al kenes,

and -COOHterm nated chains or groups. 10. The nol ecul ar species of Claim
1 wherein at |east ©Mke MbleGbt heCiiTaldigRSvhefeln, ILCRI IBarabd® Rt frohkhe The

nmol ecul ar speci es _of .Cl ai erei aid el ectrodes. are the sane or
different and &re’ ce?nfl?%élg opn%%gygﬁ f‘écg%rydgoé?ﬁ %‘&ﬁ%}h%tf‘g?c}’ a’f%?&%arbons’ sug-

| ow f or war d- volatsagrénonmide cudles acide,chd fuoemesefipdyngrsigviag sidghtivelyddrgcul ar

speci es havi ng gy @ Jar d-voltage rectifying property, said nol ecul ar
species at- tached betweeh two el ectrodes and represented by the formula:
CL - IL- A IR CRwhere Ais a conducting noiety, ILis a first insulating

moiety, IR is a Seapme molecular species of Claim 1 wherein said connectors CL, CR are se-
lected from the group consisting essentially of thiols, thiol-terminated alkenes, and

-COOH-terminated chains or groups.

10. The molecular species of Claim 1 wherein at least one of said connectors
CL, CR is absent.

11. The molecular species of Claim 1 wherein said electrodes are the same or

different and are either metallic or semiconductor.

12. A low-forward-voltage molecular rectifier comprising a single molecular
species having a low-forward-voltage rectifying property, said molecular species at-

tached between two electrodes and represented by the formula:
CL—IL—A—IR—CR

where A is a conducting moiety, IL is a first insulating moiety, IR is a second
insulating moiety not the same as IL, CL is a first connecting group for attachment to
a first said electrode, and CR is a second connecting group for attachment to a second

said electrode.

13. The molecular rectifier of Claim 12 wherein said molecular species is rep-

resented by the formula:



insulating noiety not the sane as IL, CL is a first connecting group for
attachnent to a first said electrode, and CRis a second connecting group
for attacwomatlodses a second said electrode. 13. The nol ecwicarusoyessiif i er of
Claim 12 wherein said nol ecul ar species is rep- resented by the fornula: WO
03/100878 PCT/US03/15512 16 CL- A- |- CRwhere | is an insulating noiety.
14. The nol ecular rectifier of daim112 wherein A has a relatively snall
HOMO- LUMO gap conpared to IL and IR 15. The nolecular rectifier of Claim
14 wherein A has a HOMO- LUMO gap w thi B a range of about 2 to 6 eV. 16.
The nol ecul ar rectifier of Caim1l4 \/\,he1 ein A contains either a |l owlying
enpty state (LUMO or a large electron affinity. 17. The nol ecul ar
rectifier of Claim 16 whereigp—-Al1$—setected fromthe group consisting of
conj ugat ed homo-cycle aronatics, hetero-cycle aronatics, conjugated hy-
drocarbon chains, and fullerenes. 18. The nol ecular rectifier of daim1l4
wherein | L and "bee bisehingugive moigsho. UMD gap within a range of about 6 to
10 eV. 19. The molecular rectifier of Claim214 wherein IL and IR are

selected fromthe r |st| f sat rated cyclic hydrocarbons,
saturated acyclic hlgd?g éﬂog‘b re"élﬁ% (%('; eée“éé%lg? ﬁeﬁ]fglive@f Emaa\lgl ds, and
nononer s of poEIpmm-EUM@/gapgonsameditorImaltH{vely Iarge HOMO- LUMOD gap. 20. The
nol ecul ar rectifier of Claim12 wherein said connectors CL, CR are
selected fromthe group consisting essentially of thiols, thiol-term nated
al kenes, and - COOHSt Benthelesuletireettigi of<Claim 14 vdgisin A hap a HOMOrRIIMQ gdrar

rectifier of Cyahiihldedigbst Nodly! €ast one of said connectors

16. The molecular rectifier of Claim 14 wherein A contains either a low-lying

empty state (LUMO) or a large electron affinity.

17. The molecular rectifier of Claim 16 wherein A is selected from the group
consisting of conjugated homo-cycle aromatics, hetero-cycle aromatics, conjugated hy-

drocarbon chains, and fullerenes.

18. The molecular rectifier of Claim 14 wherein IL and IR each have a HOMO-
LUMO gap within a range of about 6 to 10 V.

19. The molecular rectifier of Claim 14 wherein IL and IR are selected from the
group consisting of saturated cyclic hydrocarbons, saturated acyclic hydrocarbons, sug-
ars, amino acids, nucleic acids, and monomers of polymers having said relatively large
HOMO-LUMO gap.

20. The molecular rectifier of Claim 12 wherein said connectors CL, CR are
selected from the group consisting essentially of thiols, thiol-terminated alkenes, and

-COOH-terminated chains or groups.

21. The molecular rectifier of Claim 12 wherein at least one of said connectors
CL, CR is absent.



CL, CRis absent. WD 03/100878 PCT/US03/ 15512 17 22. The nol ecul ar
rectifier of Caim12 wherein said electrodes are the sane or different
and are ewDlanoeset al | i c or sem conductor. 23. The nol ecul &CTrusos/1fsier of
Claim12 wherein (a) said electrodes are netal, each netal electrode
having a Ferm energy |level and a work function, (b) said recti- fier has a
HOMO and a LUMD, separated by a gap, and (c) said A noiety has an electron
affinity, and wherein a paraneter that determ nes forward turn-on voltage
of said rectifier is an energy difference between said Ferm energy of
said netal elec- trodes and said LUMO olf said rectifier, which depends on
said work function of said netal and said affinity of said A noiety. 24.
The nol ecul ar rectifier of Caim23 wherein said energy difference is ad-
justed by utilizi ng?ZdiThe welegar eridfer plodaimnt Wiered sidgleciodegyre ghe@phs er ent wor k

function wher @ gifk@ni@h®at £idSESetAC BBRli@dhaRlor, (D) a Ferm energy position
determ ned by doping where said el ectrode are .sem conducting to thereby

optim ze over-all performance of said rectifier and circuits in which it
is used. 25. The nui3eThd @sleduRE tebiifieLss milmmzaéhmeaaa)vvgﬁreekﬁbdsmamaﬂer gy

difference is ads sel ect | an .a pr| t 0 adj ust
sai d HOMO LUI\/Deacz}il Iﬁe‘f‘ﬁ lgcgrlogé/havfnéct%lre%nﬁ |1€r:1|e nd ﬁ‘ﬂcmf’m(b cuI a? rectifier

of Claim25 V\h_é“lew_ehaa asléDMOI-d@!/I@Iéﬂ@ LSEIWEf)tfairte'_a @pi dmd(m ssidi Ad mbietydiagtry. 27. The
nol ecul ar rect 'efel:tﬁ{n a‘ﬁ{m %grén\éggr%‘ﬁét%} tﬁa@hgﬁﬁ%é)}v%r ﬂrng&]ebof?ff %13" d

connect i ng groups attac ectro ar rectifier
of Cdaim?27 \/\hé?‘éiI?‘ftlﬁﬁtf iy %@@rgwe‘fe@a@edoems*ﬁrh@& Fogi engiep @p sdidmetd|ekeet ed f or

tuning sai d HOMQ:ds WAMRgaRuNIO e RENdait:, Qhic 8dpehds o i ¥k Anctich@k shid Nsul at i ng
noi eties of said recti daf%mtyofsalgi 100878 PCT/ US03/ 15512

metal and sai moiety

24. The molecular rectifier of Claim 23 wherein said energy difference is ad-
justed by utilizing different electrode materials with (a) a different work function
where said electrodes are metal or (b) a Fermi energy position determined by doping
where said electrode are semiconducting to thereby optimize over-all performance of

said rectifier and circuits in which it is used.

25. The molecular rectifier of Claim 23 wherein said energy difference is ad-
justed by selecting an appropriate A moiety to adjust said HOMO-LUMO gap or said
electron affinity.

26. The molecular rectifier of Claim 25 wherein said HOMO and LUMO are
both on said A moiety.

27. The molecular rectifier of Claim 25 wherein said HOMO is on one of said

connecting groups attached to a said electrode.

28. The molecular rectifier of Claim 27 wherein at least one said connecting
group is selected for tuning said HOMO-LUMO gap independent of said A moiety or

said insulating moieties of said rectifier.



18 29. The nolecular rectifier of Claim1l2 wherein a transport mechanismis
resonant tunneling of electrons between said el ectrodes through a
conduct i ngormeliessas | ar orbital | ocated on said A noiety. PCT/UBa®1350t ecul ar
rectifier of Claim12 wherein one of said insulating noie- ties is shorter
than the other, and said shorter insulating noiety controls width of an
energy resonance and therefore a current rectification ratio. 31. The

nol ecul ar rectifier of Claim12 wherein one of said insulating noie- ties
is longer than the other, and said Ionqgr i nsul ating noiety controls
overal |l resis- tance/conductance of said rectifier. 32. The nol ecul ar

rectifier of O al mA2HNGbEl FelifMl @ diftm! @NARIPE 3bdh iRl ALI NG

noi eties controls a voltage division between two energy barriers formed by
sai d two i nsul zsenag trrseligiodelecnes betispreRisreleciadontoreha @Rdugiingmoicuvol t age
characteris- tigmhaflthcated §ChidfA £A¢h.on ratio of said rectifier. 33. The

nmol ecul ar rectifier of Caim12 wherein said electrodes are sem conductors
and have gaps in a density of states lying close to a conducting |evel of
said rectifier. 34.30The fidtcaBideaifiet €0Tlhifnl @rwhefeinlnaofMadiEnddhafiemsiesai d gaps

in said density of . states,result .in_ kbl aocking.resanant current.through said
rectifier. 35. ¥1elshlt§1 S}f’?SFrgﬁé?J the Oﬂr?eé’catnflf "iu%%}’o%?r lﬁ“%lmrlﬁ @%&\’;\ﬁ%nrn 8#‘% N lskrlz;lofdanr ectifier
di spl ays a st r emgey resogratd and thdiefobear @mtnt adctifieongttance ef f ect .

31. The molecular rectifier of Claim 12 wherein one of said insulating moie-
ties is longer than the other, and said longer insulating moiety controls overall resis-

tance/conductance of said rectifier.

32. The molecular rectifier of Claim 12 wherein a ratio in length of said two
insulating moieties controls a voltage division between two energy barriers formed by
said two insulating moieties and therefore asymmetry of current-voltage characteris-

tics and a rectification ratio of said rectifier.

33. The molecular rectifier of Claim 12 wherein said electrodes are
semiconductors and have gaps in a density of states lying close to a conducting level

of said rectifier.

34. The molecular rectifier of Claim 33 wherein said gaps in said density of

states result in blocking resonant current through said rectifier.

35. The molecular rectifier of Claim 34 wherein said rectifier displays a strong

negative differential resistance effect.



