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Molecular detection based on conductance quantization of nanowires
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We have studied molecular adsorption onto stable metallic nanowires fabricated with an
electrochemical method. Upon the adsorption, the quantized conductance decreases, typically, to a
fractional value, which may be attributed to the scattering of the conduction electrons by the
adsorbates. The further conductance change occurs when the nanowire is exposed to another
molecule that has stronger adsorption strength. Because the quantized conductance is determined by
a few atoms at the narrowest portion of each nanowire, adsorption of a molecule onto the portion
is enough to change the conductance, which may be used for chemical sens@800@merican

Institute of Physicg.S0003-695(000)01610-7

As materials shrink to the nanometer scale, interestingvere injected to the solution and the subsequent conductance
quantum phenomena emerge, which may lead to novekas monitored and recorded with a DL2700 digital oscillo-
applications: In this letter, we describe a molecular detec- scope(Yokogawa, 1& We used Cu nanowire to bridge the
tion method based on the conductance quantization in metahu electrodes because it can be easily etched away without
lic nanowires. The phenomenon of conductance quantizatiodlamaging the Au electrodes in case of an overgrown wire.
occurs when the diameter of the wire is comparable to thé€u is also more reactive than Au and, therefore, more suit-
electron Fermi wavelengthAt the lowest conductance step able for molecular detection.

(G=2¢€?/h), the narrowest portion of the wire has been By carefully controlling the deposition/etching potential
shown to be as small as a few atofrBecause the few atoms and electrolyte concentration, we have been able to repro-
dictate the conductance of the entire wire, adsorption of evefucibly stabilize the conductance of a nanowire at an integer
a single molecule onto them may drastically change the corfor many hourgFig. 2(b)]. Thermal instability due to tem-
ductance, which is the basis of molecular detection explore@erature fluctuations was minimized by immersing the
here. nanowire chip in aqueous solution. Possible instability due to

For a practical device, the nanowires must have Iondhe electromigration effect was reduced by using a small bias
term stability and be producible in large quantities. The
widely used mechanical methddat involve bringing two
metallic wires in and out of contact are not suitable. In the (a)
present work, we fabricate highly stable nanowires by elec-
trochemically etching a metal wire down to the atomic
scale?® and demonstrate that the conductance changes in the
stable nanowires upon adsorptions of various molecules may b
be used for molecular detection. ( )CU nanowire ‘ Electrodeposition/etching

We fabricated stable nanowires using pairs of Au micro- r 2 2 7 7
electrodes supported on oxidized Si substrates as the starting g ]
point (Fig. 1). These electrodes were fabricated at Cornell
Nanofabrication Facility by combining photolithography and
focused ion beam techniques. They were covered with a
SisN, insulation layer to eliminate ionic conduction in the
etching/deposition electrolyte (Cug0O The two electrodes
in each pair were separated with a small gapl00 nm)
created with a focused ion bedita), which was bridged by
electrochemical deposition of Cu into the gdj). We note
that a similar method was applied to fabricate facing elec-
trodes with atomic scale gapsThe deposition was moni-
tored continuously by measuring the conductance between
the electrodes and controlled until a desired conductance was
reached with a feedback circuit. When the nanowire was
over grown, the feedback circuit switched on the etching
process to decrease the conductance back to the desire@. 1. schematic procedure for making stable Cu nanowires and then using

value. Once a stable nanowire was formed, sample moleculésto sense molecules adsorbed onto them. A pair of Au electrodes facing

each other with a gap 0of100 nm is fabricated on a Si/Sj@ubstratga).

The gap is bridged to form a nanowire with a desirable conductance by

dauthor to whom correspondence should be addressed; electronic maiklectrochemically depositing Cu on the ends of the electrémleMolecular
taon@fiu.edu adsorption on the nanowire is reflected by a change in the condudtance

Pre-fabricated electrodes
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FIG. 2. Top: Scanning electron microscopy images of an array of Au elec- o 560 ' 1600 * 15'00 ' 20'00

trode pairs on Si/Si@substrate fabricated by combining conventional pho-
tolithography and focused ion beam techniques. Bottom: The conductance
of the Cu nanowires can be stabilized at an integer or fractional multiples o
G, for hours.

Time ( seconds)

r:IG. 3. Response of the quantized conductance of Cu nanowires to the
adsorption of 22BPY. Upon molecular adsorption, the conductance typically
decreases to a fractional vall@ and (b)], but sometimes the decrease is

followed by an increase due to a change in the atomic configuration of the
voltage (<26 mV). The eventual breakdown of the nano- anowire. The inset ina) shows the conductance histogram constructed

wires came likely from drift in the deposition-etching poten- from over a thousand measurements using a STM setup.
tial due to electrical noises and variations in the electrolyte
concentration. The conductance can also be held at fraction

il ly created by moving the STM tip in and
multiples of G, for hours[Fig. 2(b)]. Note that the conduc- Ires were repeatedly created by moving the P In an

) . out of the contact with a substrate, which allowed us to con-
tance histograms constructeq from repeated trar?5|ent Me&f et conductance histograms with and without the mol-
surements of both mechanicdilyor electrochemicalff® . 1oq in the solution cell, In the presence of the molecules,
formed nanowires have shown clear preference for the cony,q pistogram shows increased counts near half multiples of
ductance to take integer multiples Gf. The fact that the g \hich is consistent with the observation on the stable
conductance can be kept at a fractional value for hours 'nd'hanowires[inset of Fig. 38)]. The peaks at the integers are
cates the existence of metastable configurations between tQg pronounced, which is likely because each nanowire in
stable configurations that give rise to integer conductanc@,e transient experiment lasted too sheal ms to allow
values? o the molecules to adsorb every time. We note that conduc-
We have studied three molecules, "2flpyridine  tance steps near half integers appear even without the pres-
(22BPy), adenine, and mercaptopropionic acMPA) be-  ence of molecules, especially at very low electrochemical
cause their adsorption strengths vary from we2d8PY) to  potential$ but the molecular adsorption increases the prob-
very strong chemical adsorptidMPA). We started the ex- ability of the occurrence.
periment by holding a nanowire at a quantum step and then Before stabilizing at a lower value, the conductance
switch off the feedback circuit. After the nanowire was sta-sometimes fluctuates up and down upon the adsorption of
bilized at the quantum step, we then added a drop of solutiop2BYP [see Fig. 8)]. The fluctuations are not due to me-
containing a sample molecule into the solution cell andchanical disturbance associated with the introduction of the
monitored the subsequent change in the conductance cofolecules into the sample cell because we found no changes
tinuously. Upon introduction of 22BPY, the conductancein the conductance when repeatedly adding blank electrolyte
changes instantly and then stabilizes to, typically, a lowekolution into the sample cell. We attribute the fluctuations to
value. An example is shown in Fig(&, where the conduc- transient adsorption processes involving the movements of
tance decreases fromG} to ~0.5G, upon adsorption of individual adsorbed molecules as well as rearrangement of
22BPY. The decrease in the conductance may be attributatie metal atoms in the nanowire.
to the scattering of the conduction electrons in the nanowires  The conductance sometimes decreases initially upon mo-
by the adsorbates, as predicted by a recent simulafiite  lecular adsorption and then increases to a higher value.
final conductance tends to stabilize near a half multiple ofWhile the initial decrease may be attributed to adsorbate
Gy. In order to confirm this observation, we performed ascattering, the later increase is likely due to a rearrangement
transient experiment using a scanning tunneling microscopi the atomic configuration of the nanowires induced by the

(STM) setup? In the experiment, a large number of nano- adsorptior™™° It is common that strong adsorption of mol-
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' ' ' ' ' ' The response time is limited by how fast molecules can dif-
fuse and adsorb onto a nanowire and can be sped up by using
a large array of nanowires. Our current setup allows us to
fabricate 15 nanowires on each chip, but the method can be
used to fabricate larger arrays. The ultimate specificity for
molecular identification depends on the mechanism for the
adsorbate-induced changes in the conductance, which is not
yet fully understood. It appears that adsorbates can change
the quantized conductance by scattering the conduction elec-
trons in the nanowires or by changing the atomic configura-
Time (Seconds) tions of the nanowires. Both mechanisms depend on the
) ) ) ) molecule-nanowire interactions, so the conductance changes
FIG. 4. Exposing a Cu nanowire that is coygred with preadsorb_ed 22BPY t%hould be specific for different adsorptions. The specificity
stronger adsorbat@adening causes an additional slow change in the con- . . . .
ductance, which reflects the replacement of 22BPY by adenine. can be improved if the nanowires are preadsorbed with func-
tionalized molecules because a specific interaction of a
o sample molecule with the functionalized molecules provides
ecules onto a surface can change the binding among the sygrentity information about the sample molecule. This strat-
face atoms and results in surface reconstructtone have egy has been widely used to improve the specificity of other
recently found that adsorbates significantly alter the disthemical sensors, such as the microcantilever based
tances over which a nanowire can be elongated before gaopgord®
switches to the next stable atomic configurafioRurther In summary, we have fabricated stable Cu nanowire ar-
evidence comes from aab initio local density functional  ays ysing an automated electrochemical method and studied
simulation that shows the adsorption of methylthiol change%hang(_}S in the quantized conductance of the nanowires upon
dramatically the atomic configuration of a four-atom gold a4sorption of molecules in agueous solutions. The depen-

. lO .
chain: _ _ dence of the conductance on molecule adsorption may be
Upon adsorption of adenine, the conductance also tendssed for chemical sensor applications.

to shift to a lower fractional step. This is consistent with the
fact that both adenine and 22BPY are structurally similar and ~ The authors thank Professor Landman for helpful discus-
they bind to metal surfaces via the two N atoms linked to thesions and NSKRCHE-9818073 and AFSOR(F49620-99-1-
aromatic rings:1*2 When exposing the nanowire to MPA, 0112 for financial support. This work was performed in part
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breakdown of the nanowire. The thiol group in MPA is well tional Nanofabrication Users Netwarkvhich is supported
known to bind strongly to Cu and A@ which have been by NSF(ECS-9319005 Cornell University, and industrial
observed to weaken the metallic binding between the metadffiliates.
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