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Negative differential resistance in a bilayer molecular junction
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Negative differential resistand®DR) is reported for a bilayer molecular junction. The system is
comprised of a Hg—alkanethiol//arenethiol-Au bilayer molecular junction formed by bringing into
contact a tetradecanethiol self-assembled monolgg/aM)-coated drop of Hg with the surface of

an oliggdphenylene-ethynyleneSAM on Au. Persistent, reproducible NDR is observed in the
current—voltage characteristics with peak-to-valley ratios as high as 4.5 at room temperature. These
results open a promising line of investigation of structure/function relationship and mechanisms in
molecular NDR components. @003 American Institute of Physic§DOI: 10.1063/1.1636520

Molecules exhibiting negative differential resistance  While various mechanisms based on charge transfer and
(NDR) could potentially provide the electrically active com- conformational change have been prop8<edr the NDR
ponents required for information processing, memory, anabserved in the earlier experiments, the origin of the NDR is
other electronic applications at the nanos¢adDR, which  not well understood. Since the electrical connection between
refers to a region of a current—voltage characteristic ina molecule and its electrodes is known to have a strong effect
which the current decreases with increasing voltage, hasn the current—voltage characteristics of even simple mo-
been previously observed for metal-molecule—metalecular junctiong, contacts could also play an important role
junctions comprised of nitro-substituted derivatives ofin the charge transfer in these junctions. Conformational
oligo(phenlyene-ethynylene(OPE) molecules of the form changes, such as bond rotation and changes in molecular
Ph—C=C-Ar(NO,) (X)—C=C-PhSH. NDR has been ob- orientation, could be strongly affected by the mechanical
served for self-assembled monolay€gAMs) of OPE mol-  connection between the molecule and its contacts since this
ecules sandwiched between metal contacts in a nanopoedfects the freedom for molecular movement. Thus, experi-
structuré and formed on the metallic electrodes of amental structures that allow the electrical and mechanical
nanoparticle-bridged electrode gaplDR has also been ob- environment of the molecules to be systematically and reli-
served for a molecular layer comprised of OPE moleculesbly modified are of great interest for improved understand-
inserted into an alkanethiol SAM probed by conductinging and optimization of NDR effects.
atomic force microscopyand sandwiched between metallic In this letter, we report a study of NDR in a bilayer
nanorods. molecular junction. The junction is a two-layer structure

While NDR has been observed for this wide variety of comprised of a SAM based on tetradecanethiol molecules
structures, a considerable variation has been found for thend a SAM based on nitro-substituted OPE molecules of the
current—voltage characteristics for the various structures itype discussed earlier. High-quality contacts are formed by
terms of peak voltage, current level, and peak-to-valley ratiostrong bonds between the metal and thiol termini on both
Control of the experimental conditions is hampered by thesides of the bilayer, and a van der Waals contact is formed at
difficulty of obtaining reproducible, high quality contacts to the interface between the two SAMs. The van de Waals con-
both ends of the molecule. Although a high quality contact istact represents a unique and potentially important feature of
readily obtained through a strong S—Au bond on the subthis junction with regard to electrical characteristics in that it
strate side of a SAM using a thiol terminus for the molecule, modifies both the electrical and mechanical environments on
the formation of a high-quality contact to the other terminusone side of the OPE SAM from that in previously reported
is difficult to achieve due to the need for additional chemicalstructures, as discussed later.
and physical processing. In the nanopore structdoe, ex- The OPE SAM is based on #2-amino-5-nitro-4-
ample, this second contact is formed by vapor deposition ofphenylethynylphenylethynyl benzenethio[OPE (1)] and
Au on a side of the SAM having no thiol termination, which the alkanethiol SAM is based on a tetradecanethiol (HSC
results in a poorly defined physical and chemical interfaceAn idealized schematic representation of the junction is
and increases the possibility of damage to the molecules argshown in Fig. 1. The OPE molecui&) used in this junction
of short circuits. has been found to exhibit NDR for a monolayer SAM in a
nanopore configuration at temperatures up to about 180 K.
dAuthor to whom correspondence should be addressed; electronic maiﬂ—he HSG4 molecule, which forms the other component of
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Ac), was synthesized by us according to procedures dejy g cyy) “ ch,//CHy(CHy), ,S—Au alkanethiol bilayer junctions for
scribed elsewheféand was de-protected by base-promotedn=s, 8, 10, and 14. These junctions represent control structures for these
adsorptioﬁ2 immediately prior to SAM preparation. An OPE experimentsino OPE (1) moleculd. The solid circle with its error bars

; ; (quoted as minimum and maximum valuespresents the range of peak
(1) SAM O.n.Au was formed by placing th.e Ay substrate in ac?lrrents and peak voltages observed for ti'f)e Hoz BOPE (1)g—Au bFi)-
vial containing 300uL of a 0.5 mM solution in tetrahydro- layer molecular junction in Fig. 1.
furan (THF). This solution was prepared lay situ hydrolysis

of 1-Ac with about 0.5uL of concentrated NEOH for at  \nayic characteristic is observed with a region of NDR in the
least 48 h. Before use, each SAM-coated Au substrate Wagsitive pias range and no NDR in the negative bias range.
ultrasonically cleaned in THF for 10 min and blown dry with 11,4 peak voltage and peak-to-valley current ratio of the
argon. The gold su.bstrates were prepared_ by thermal evapRpR are approximately 0.7 V and 1.3, respectively. A reduc-
ration of 25-nm-thick Au layer(0.5 A/ with 15 nm Cr i in the current density is observed for successive sweeps,
api_hesmn_ layer(0.2 A/g onto 1 cm x1 CJQ single-crystal however, the NDR persists and exhibits little shift in peak
silicon _pieces under a vacuum of 10 TO"', An al_— position and little change in peak-to-valley ratio. A further
kanethiol SAM on a Hg drop was prepared by immersing &,pseryation made from the data in Fig. 3 is that the current
drop of liquid mercury extruded from a syringe needlqul. ¢4 gyccessive sweeps is scaled by nearly the same factor
SGE syringginto a 10 mM alkanethiol solution in isooctane jngependent of bias. A possible explanation for the drop in

for at_least _10 m_in. o current seen in this figure is a reduction in the effective area
Bilayer junctions were formed by bringing into contact ot the junction. Since negligible change in the interfacial
the OPE(1) SAM-coated Au surface with the H3ESAM-  coniact area was observed in the microscope image, the cur-

coated Hg drop in distilled isooctane, following the experi-ent reduction may be the result of a decrease in the number
mental approach pioneered by Rampi and Whitestdahe effectively contacted molecules due to changes at one of

contact area was calculated from the measured diamet@fae metal contacts or at the van der Waals interface. It was
(50—200um) of the circular interfacial contact area from a 554 found that some junctions exhibit a partial recovery in
captured digital microscopic image of the junction. The Aucrent level after a delay of several minutes between sets of

film and the Hg drop are used as electrodes andlthé  g,ccessive bias sweeiet shown, which is consistent with

characteristics were recorded using an HPA4145B semicoRpe re_establishment of structural features during the anneal-
ductor parameter analyzémoise current flook<10 pA).

Hg—-SG,//C,S—Au alkanethiol bilayer junctions of dif-

ferent lengths were also prepared for use as control structures “E 15

in this experiment. Figure 2 shows theV characteristics S 10 sweap #
measured in our system for four different lengths of al- < 5 gl
kanethiol molecules, corresponding ne=6, 8, 10, and 14. 'E B 4
The bias voltage for this and all other data refers to the Z 0

potential of the Au substrate with respect to the Hg drop, and & 5 )

all measurements were carried out at room temperature. Itis & CraSH
seen that the currents are nearly symmetric with bias voltage 2 -10 OPE 7
and vary exponentially with bias over a large range. A plot of S 15 |- ;L8 T Al
the current at 0.5 V versus junction thickness for the bilayer E :‘-,"—F—i— | I
junctions in Fig. 2(not shown revealed an exponential de- 0o -20 ==

pendence of current on thickness, in agreement with previous -1.5 -1.0 05 00 05 1.0 15

studied® and with what is expected for tunneling transgbrt. voltage (V)
Thus, the alkanethiol bilayer control samples are well be-
haved and exhibit the expected tunneling characteristics. FIG. 3. (Colon Current—voltage characteristics for successive bias sweeps

_ o for a single Hg—S&,//OPE (1)—Au bilayer junction at 300 K. The voltage
Current V_Oltage CharaCte”St!Cs _for a Hg—@'@_ was swept from-1.5 to +1.5 V with a sweep rate of 0.13 V/s and a delay
O_PE @)—Au junction are shown in Fig. 3 for_ SUCCESSIVE of approximately 30 s between sweeps. The contact area was 1.7
bias sweeps from-1.5 to 1.5 V. As shown, a highly asym- x10* cn?.
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0.2 Waals interface. One SAM is based on an alkanethiol mol-
“‘E ecule with well established tunneling characteristics while
fz’ 01 the other SAM is based on a nitro-substituted OPE molecule
}; 0.0 for which NDR was previously reported for monolayer
2 m SAMs at temperature up to approximately 150 K. Persistent,
§ 01 C14§H reproducible NDR is observed in the current—voltage char-
] o2 { OPE 1 acteristics with peak-to-valley ratios as high as 4.5 at room
3 H Au temperature. Within the context of previously reported re-

03—l ' ' sults for NDR in OPE monolayer SAMs, the bilayer results

1.0 05 00 05 10 15 presented here suggest tliat a NDR mechanism for such
voltage (V) SAMs can be accessed by tunnel injection through an al-

FIG. 4. Current—voltage characteristic for a Hg-$@OPE (1)—Au bi-  kanethiol SAM and?2) the bilayer junction provides a favor-
layer junction with a high value of peak-to-valley ratio at 300 K. The peak- able electrical and mechanical environment for this mecha-
to-valley ratio and peak current are 4.5 and 0.18 A/craspectively. The nism. In light of the present incomplete theoretical
voltage was swept from1.0 to +1.5 V with a sweep rate of 0.13 V/s. The unde.rstandin of NDR in molecular svstems. however. alter-
contact area was 1:210™* cnr. . g . y T !
native mechanisms for the observed characteristics more spe-

. _ o cific to the bilayer junction should also be considered. In
ing period. However) -V characteristics that were nearly particular, the exact nature of the noncovalent interaction be-
identical on two successive sweeps and characteristics thgheen the methyl and phenyl termini of the Hg-bound and
changed only within the NDR region were also observed in 8\y-hound monolayers and its possible role in determining
few junctions, anc! a more detailed StUd_y is needed to fullyne current—voltage characteristics raise interesting questions
characterize this time-dependent behavior. for future investigation. The robust and reproducible bilayer

~ NDR characteristics similar to those in Fig. 3 were ob-molecular junction system offers the opportunity to system-
tained for more than 14 different bilayer junctions formed ongically vary the molecular components to investigate various

several different samples of the ORE) SAM. The NDR  pynotheses of structure/function relationships and mecha-
characteristic is also reproducible in thd the NDR per-  pigm.
sists over successive sweeps of the bias(@hthe variation
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