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A multistep self-asemblyprocesss propasedfor the preparatiorof nanomeer-scaleelectranics. The processs basedon
theassemblyf a DNA networkthatservesijn turn, asatemplae for the subsequerdssemblyof functionalelementsaising
different levelsof moleaular recognitionability. Inter-element connestivity andconnectionto the “macroscopicworld” is
achievedby instilling electricalfunctionality to the DNA network.Thefeasilility of this appoachwasdemonstratetly the
DNA-templatedself-assemiyl of a12 um long, ca. 1000 A wide, condudive silver wire connectingwo macrogopicelec

trodes.

Sincethe early daysof microeledronics,a major effort
hasbeendevoteal to the miniaturization of compnensand
circuitry. As a result the minimal featuresize on a com-
mercialchip hasdecreasdgraduallyfrom about 10 um in
theearly1970sto ca.0.18um atpresent. A compehersive
study by the Amercan Semicaducbr Indugry Assai-
ation (SIA) predictsa further gradual decreasen feature
sizeto about0.07 um in 2010 [1] (Fig.1). It is widely
accepkd that at thesedimensionsconventianal semicon-
ductormicroelectrornics wil | approaé its useful miniaturi-
zationlimits dueto somefundamnentallimi tationsof large-
scalephoblithography and the expectedfailure of semi-
conductor physicsin nanoneterscalecomppnens.

Nevetheles, evenatthesedimensgons, thesizeof com-
poneris onachip will still be much larger thanthe size of
the basic data storage componentin biological sysems
suchasin the DNA code,about100 atons with avolume
of ca.1000A>,

The expeded exhaustion of conventinal microdectro-
nics hasfocuseal consideable sdentific and techndogica
interes ontwo fundanentalissuegegardingfutureminia-
turized nanosale eledronics: a) Opelating principles of
alternaive, small size, electronic devices[2]. b) Alterna-
tive realzation schenes for nanogale electronic compo-
nentsandtheir integrdion into usdul circuits[3].

In thelasttwo decads, numepussuggstionshave been
maderegardng the natureof thebasicoperding principles
andcomponentsof nanometerscalelogic devices, ranging
from all-optical andmadlecularopticd switch systens [4]
to transstorlike switching devices basedon chaging
effects (Codomb blockade). Such single-dectron chag-
ing effects were found in small grains[5] and molecules
[6]. Room tenperature opertion of such transstorlike
devicesrequires feaure sizesin the range of 2—-5 nm®,
aboutmuchsmaller thanthe smallestcommaecial compo-
nentexpeded from convenional microelectronics. How-
ever, progressn thisfield hasbeenimpededby thelack of
asimpleapproachto theintegraion of suc basicbuilding
blocksinto functionalelectronicdevices,mainly dueto the
limitations of available physical manpulations, such as
photoithograpty techngues pnthenanomeerscale.
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Fig. 1. The minimum linear sizeon a commecial chip asa func-
tion of time.

The expededfailure of conventinal phydcal processes
at molecular scales presens the challerge of providing
altemative schanesfor the constuction of useiil eledro-
nic devicesfrom nanoméer-size and molecular building
blocks. The major obshcles originate from the lack of
appopriatetoolsfor individual handing andmanipulation
of suchsmallspecies,namely: a) positioningof molecular
scde componens at moleculaly accurde addresses))
inducing inter-component wiring for establising well-
defined, functional electrical connectvity, c) estabishing
an effective interface betweenmalecularscale circuitry
andthemacrogopicworld.

Due to obvious limitationsin phydcally manpulating
molecularsizeobijects,it is widely accepédthatelectronic
circuitry thatis composedof nanoneter or molecularsize
objectsshoud beassembledrom its building blocksusing
molecular recoqnition and self-sssemby processes[7]
rathe thanphyscal manipdations

A major obstale in implementing self-asseroly pro-
cesesfor the constuction of eledrically functional ele-
mensliesin thefactthatmolecularrecoqition ahlity and
electrical propertes belong to two, probally mutually
exdusive, classesof materials.On onehand,onecanfind
metalsandsemicondictorsaspat of theinorganic world.
Suwch materalsdisplay the desiredeledrical properties but
posgssonly trivial molecularrecoqition ability, capalte
of forming only afew, rathe trivial, lattices.Onthe other
hand,organic-tasel materialsexhibit pooreledric proper
ties mostof themare simply insulabrs. However, some

0323-7648/98/210-0663$150+.50/0 663



Major Groove

Minor Groove

Major Groove

Minor Groove

Minor Groove

Major Groove

Minor Groove

Fig. 2. Remgnitiongroupsin themajorandminorgroovesof DNA.

pos®sssuperbmolealarrecoqition ability. Forexampe,
many biologica moleaules form highly complex, well-
defined,extenctdsupranolecular strucures.

Therefore,arealstic solution to the prodiction of func-
tiond circuitry by self-esssemby shouldbethe marriage or
thesequetial useof thetwo familiesof materals.

Since electrical functionality requiresthe utilization of
conductive materials,of which metalsandsemcondLctors
arethe prime choice majorattenton shoud bedevoedto
the sdection of the appropriate sdf-assenbling sysems
thatwill allow the constuction of highly complexstruc
tures.Reentprogressin supranolecular chemisty offers
beter undersanding and a limited strucural control of
supranolecular strucures [3, 6]. Nevatheles, biological
moleculesstill remaintheprime choicefor self-asserling
speciedbecaseof someof theiruniqueproperties:a) Many
biological moleculesareknownto self-assernle andform
highly complex supranolecular strucures using highly
effective andseledive molecularrecogition processesb)
Many biological self-assernly processesare coupkd to
mechaismsthat arerespomible for proof-readingduring
the buildup processThis allows error correctons prior to
fixationof thesupranolecula structure.c) Manybiological
recoqnition and assembly processestake place in well-
shieldedsysemsallowing paralld processingof manydif-
ferentreactbnsin thesamevolume.d) Billion s of yearsof
evoluionoptimizedanimpressvearsend of toolsfor hand-
ling biological moleailes.Many of thesdodls areavailabe
nowadysfor usein theconstuctionof biological suprano-
lecularstrucures.

An exampe of sucha biological systen thatis capable
of forming supranolecula strucures from relatively
simple building blocksis the DNA molecule DNA is alin-
earpolymercomposedof four differentbuilding blocks, A,
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T, C, G. Basepairing betweentwo setsof complementary
basesA-T andG-C induces the dimerization of two com-
plementay DNA strand to form a doule hdix strucure.
The base-pairsallow not only the constuction of a highly

acarateandwell-definedstrucurebut alsotheidentfica-

tion andbinding of specifc sequenesalongthe DNA by
other moleailes. Many protens, suc as repressorsand
artifici al moleculesare camble of recoqizing a specific

base-pairsequene alongthe DNA. Suchmoleailesinter-

actwith the different proton donas and protonaccepbrs
of the basepairsthatareexposé to solutionat the major
and minorgroves(Fig. 2).

Herewe proposea multi-step self-asserbly processfor
the realizdion of miniatuiized, eledronically functional
circuitry basedon DNA moaleculesasbuilding blocks for
thesupranolecular strucureandon metlsfor theelectro-
nic functionality.

In a first step, a pre-desigred netwak will be self-
asembledfrom DNA molealles using their effective
molecular recognition ahlity. In the following steps the
molecularnetwak will beinstilled with eledronicd func-
tionality using different levels of molealar recogntion
ablity of different electricdly and electronically func-
tionalmolecularandmaciomolecubr spedes.

Figures 3—7 outine the propose approa&h for the
assemblyof nanometersize functional electronic circuits
from malecularbuilding blocks.

The first step involves the definition of maaoscojc
electrodeson an inert substrate Sincethe eledrodesare
maaoscojc, this processcan be done using standrd
phoblithographt techngueg(Fig. 3).

Theelectrodesareprovidedwith anidentity by coveling
ead one of them with a monokyer of a different short
single-standal oligonucleoide (Fig.4). This step may
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Fig. 3. Gold electrodearray on inert substrée. Figures4—7 con-
centrateonthe contentof thecircle.
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Fig. 4. Oligonucleotidemonolayes on gold electrodesThediffer-
entgreycirclesrepresentlifferentoligonucleotidesequences.
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still involve physcal manipdationssincetheelectrodesto
be coveredaremaaoscojc. After this stepthe electrods
areno longeridenticalsincetheybea a monolaye of oli-
gonudeotidesof a specific sequenceandhencecanrecog
nizeaspecific comgementay sequencen solution.

In thethird stepthedeviceis dippedinto asolutioncon-
taining DNA molealles having pre-desighed sequenes
and sticky ends.The resultof sucha stepshoud be the
self-assernly of a DNA netwak having well-defined
connecivity dueto sdf-assenbly processebeweencom-
plementary DNA sequenes [8]. Hybridization of DNA
molealleswith electrodeboundoligonucleoides ensures
a pre-designed connetivity betweenthe molecularsize
DNA netwak andthe“macroscoyic world” (Fig. 5).

Theprevioussteprovidetheformery addressésssub-
stratewith well-defined molecular addressesoriginating
from the gendic codeof the DNA molecules This allows
the subsequet postioning of functiond electronic ele-
mentsat moleculaty accurag¢ addessesisingcomplexes
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Fig.5. DNA network bound to the oligonucleotides on the gold
electrales.

Fig. 6. Metal cluster-DNA binding agentsystemsoundto speg-
fic sequenceonthe DNA network

that comline moleallar recognition moieties capalte of
binding DNA moaleculesin a sequéce-speific manrer
with moleallar speciesthat exhibit desired electronic
propeties, such as metal clustes [9] and grains [10]
(Fig. 6). At theendof this stepthe netwak shouldbearthe
functional elementsat pre-desiged places on a network
having the desira connetivity. However since DNA
moleculesare expected to behaveas insulators, the net-
work is not functiond. Therefore,the last stepshoud be
the functionalization of the DNA network in orderto ren
derit conductive.

Reantly, we havedemonstatedthe ability to asserble
the simplest electronically functional component,a con-
ductive wire, usingDNA templates[11] andthe ahlity to
allocate small metal grains at moleculaty accurae
addesse®ntheDNA skeleton12], enrouteto thevalida-
tion of theproposel concept.
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Fig. 7. A schematidiagramfor a DNA-templatedself-assemly of a condudive silver wire

connectingwo electrales.

Figure7 outlinesthe DNA-templatedself-asserbly of a
conductive wire conneting two macrogopic electrods.
Two parallel gold electrodes 12 um apat, are depo#ted
onto a glass subdrate which was pretreatel with tri-
methykhlorcsilane, 1. In the next step,usinga micropip-
ette,oneelectrodds wetwith amicromeer-size droplée of
asolution containing the 12-basesinglestranad oligonu-
cleotide Oligo A, 2, beaing adisulfidegroupatits 3 end.
Similarly, the secondeledrodeis coveral with a solution
contaning the oligonudeotide Oligo B, 3. *2P labeling of
the oligonucleoides revealsthe lack of any measuable
spuriousadsorpion of the oligonucleoides on the gold
electrods in the absencef thedisulfide bridge. Thus the
oligonucleotdes are bourd to the gold surface through
their disulfide bridge In the nextstep,the electrodepair is
coveral with a solution containing 1-DNA, a ca. 16 um
long douHe-strarded DNA having two “sticky ends”that
complement the oligonucleoides Oligo A and Oligo B
that coverthe electrodesMoleculesthat have bonded to
oneelectrodeare strechedacros the gapandhybridized
with anoligonudeotideon the seconceledrodeby apply-
ing flow normal to the eledrodesor a retreaing front of
theaqueos droplet. Figure8 depicstheproces®f attach-
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ing a DNA moleculeto two gold electrodes(dark strips)
using the method that utilizes the retreatingfront method
Theexdusive attachnentof the DNA moleaule to thetwo
gold electrodescouldbedemanstraedby its curving under
solution flow normal to the electrode. Two-teminal |-V
measuements that were performed on the dried sampe
showthat a macioscopicDNA molealle is practically an
insulator, having a resisincethatis highe thanthelimits
of ourmeastuing devices, 10*3 Q (for example seeinsetin
Fig. 10b).
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Fig. 8. Attachmentof a DNA moleculeto two gold electrodesvia base
pairing of its two sticky endswith surfaceboundoligonucleotides.The
sequencstartsattopleft andendsatbottomright.

For the next steps the DNA moleaule is regardedasa
polyanionic polymer. The metallization processis based
onthelocalization of metalionsalongthe DNA moleaile
andtheirreductionto formametllic wire.

First, the sodium ions on the DNA moleailes are
replaed by silver ions by simple ion exchange[13]. The
formaton of metl-nuclec base comgdexes [13, 14]
increasesthe amount of silver ions thatcanbe attachedo
the DNA. After the devicehasbeenrinsed silver ions are
localized exclusvely along the DNA. The silverloaded
DNA is reducel usinglight or abasichydroquinonesolut-
ion to form metallic silver aggregatesboundto the DNA
by metal-pdyelectrolyte interactons. The silver islands,
boundto the DNA, are further “developel” in a process
thatis similar to latentimage develgmert in “black and
white” photogaphy usinga solution contaning silver ions
and hydroquinane under acidic condition. In such solu-
tions, homogeneaisreduction of the silver ions by hydro
quinoreis very slow. However it is aceleratal in thepre-
senceof metal catalyss suchassilver or gold. Therdore,
under these experimental condtions, metal depositon
occursonly on the silver metalgrans that existalongthe
DNA moalecule. The glass subgrate remans prectically
cleanof silver. The metal islandsgrow andmergeto form
a granularwire. Figures 9a andb depictthe atorric force
microscopy(AFM) picture of two fragments of the silver
wire. The 12 um long, ca. 1000 A silver wire compiises
30-50 nmsizemetal grainsdepo#ted alongthe DNA ske-
leton. Using DNA netwaks, a netwak of silver wires as
thin as250-300 A could be fabricated usingby the same
method Two-termnal |-V measuements performed at
room temperatureon the silver wire attachel to the two
gold electrodeseveaédthatthe silver wire is conductive
(Figs. 10a, b). The I-V curves are nonlinear and asym-
metric with respet to zero bias. The |-V curves are
pseud-linea atnegdive andpositivebias,having adiffer-
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ential resisance of 1-30 MQ, depenihg on the exact
growth condtionsof thewire. At lowerbias,azerocurrent
plateauof 0—-10V is devdoped having adifferential resis-
tancehigherthanthelimits of our meauringdevices 10"
Q. Thel-V curveis hystaetic andthe exactshapeof the
curve dependonthelastscan direction. Theplateaucould
usualy beeliminatedby driving large currentsthroughthe
wire, reaulting in anohmic behavor.

Theuseof DNA templaesfor the subsguentassembly
of electronically acive materalsis notlimitedto metallic
spedes. In anothe expeiment, the self-asserbly of an
ultrathin poly(p-phenylene vinylene), PP\ 4, conneting

n

4

two eledrodeswas demonstated (Fig. 11). Coveing a
devicecontaning a DNA moleale attache to two gold
electrodeswith a solution of pre-PPV, 5, reallts in an

exchangeof thesodumionsonthe DNA by the postively
chagedpre-PPVpolymer, 5. Heatingthe deviceto 250°C
for 6 h gavea highly luminescem polymer wire exactly
alongthe DNA malecule.

In summary, we have propcsed a new, multi-step,
appoachfor the self-sssemby of nanodectroric compo-
nentsand circuits usingbiologica termplates Thefirst step
involves the asserbly of a pre-designed nework com-
posed of organichasedmolealles that are capable of
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Fig. 9. Atomic force microscoly imagesof a silver wire connesting two electrodesl2 um

apart.a)1.5um, b) 0.5umfield size.

undegoing complex self-sssemby processesthrough
moleaular recognition. In the following steps the organic

netwak is instilled with electricandeledronic functiond-

ity by attading to it differentactive compmnens suchas
metalgrainsandclusiersusing differentlevelsof molecu-
lar recoqnition processesWe havedemonstatedthefeasi-
bility of this approab in the DNA-templatedself-assem
bly of acondctive silver wire andin the self-asserly of
an ultrathin photouminegert PPV wire. Current efforts
arefocusedonimproving the propertesand dimensionsof
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thewiresaswell asontheasserbly of functiond elements
suchastransktorsusingthesameappioach.
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Fig. 11. A schematiadiagramfor a DNA-tem-
platedself-asemblyof aluminescenPPVwire
connectingwo electrales.
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