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Theoretical work on electrical transport in metaholecule- T | T T
metal junctions indicates that junction impedance is affected 1070 Alkanethiols
significantly by the properties of the metaholecule contactsIn AU/CHg(CHz)nS/Au
particular, the presence of barriers to electron (or hole) injection
leads to drops in electrostatic potential at metablecule interfaces
and thus to contact impedances. With the exception of carbon
nanotube-based devicéthere have been very few direct measure-
ments of contact effects in molecular juncticndere we report

. . 4 [<———Ry=18,500 Q
two terminal, low-voltage contact resistance measurements for 10 | | | | | |
molecular tunnel junctions based on self-assembled monolayers 0 2 4 6 8 10 12
(SAMs) of alkane thiols or alkane isonitriles sandwiched between Number of Methylenes
pairs of Au, Ag, Pd, or Pt contacts. We formed the junctions using
the conducting probe atomic force microscopy (CP-AFM) ap-
proach-> in which a metal-coated AFM tip contacts a SAM on a 10 Ayl isonitriles
metal support, Scheme 1. All currentoltage (—V) characteristics L Au/CH3(CHz)yNC/Au
were acquired in ambient conditions while controlling the load (2
nN) applied to the tip SAM microcontact, as previously described.
To extract contact resistanceRyf, we measured total junction
resistance (d/dl |v=o) as a function of the number of GHjroups
per chain, and extrapolated the resistance to zerp @eblips.
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? Figure 1. Semilog plot of resistance vs alkane chain length for Au/RS/Au
CH3 CHz CHy CHa junctions (A) and Au/RNC/Au junctions (B). The-intercept of best-fit
| | | | line yields the contact resistand®,.
(CH2)p, (CH2) (CHa)p, (CH2), Vrip

Scheme 1. Schematic lllustration of CP-AFM Experiment

and+0.3 V. Over this voltage range, the-V traces were linear

and symmetric; fivd—V traces per molecular chain length were

‘ —_ used to determine average resistance values. The data shown in

Figure 1A,B, were collected with the same Au tip (radiaslO0

nm) to avoid complicating the data with variations in-tgAM

contact area that could occur if tips with different radii were used.

) ) ) _ The plots show that the junction resistance increases exponentially
For the purposes of this study, the attractive features of junction ith molecular chain length, as expected for coherent, nonresonant

formation by CP-AFM are (1) it is experimentally uncomplicated  nneling and in keeping with our previous measurements on alkane

(no nanofabrication steps are necessary) and (2) it is possible toyio| SAMs. A best-it line through the points extrapolated to zero

change the metals that contact the SAM. The CP-AFM approach CH, groups provides the contact resistand®,* From the

complements a number of alternative junction-forming strategies, gxtrapolation, we see that the contact resistances for Au/RS/Au and
such as break junctiofisyanopore$ SAMFETS? crossed wires;? AU/RNC/Au junctions are on the order of 20 kQ for this

and mercury drop contacts. _ _ ~ specific tip, and the difference between the contact resistances is
Figure 1A,B, shows representative semilog plots of junction |ogs than 2 ®. We generally find thaR, is ~10% lower for Au/
resistance versus number of €groups for alkane thiol (RSH) RNC/Au junctions than for Au/RS/Au junctions.

and alkgne isonitr_ile (RNC) SAM§ on Au contfa‘?tec_lI by an Au- Variation of the type of metal used to contact the SAM has a
coated tip. For a given alkane chain length, the junction resistance i, ,ch bigger effect orR,. Figure 2A shows semilog plots of
was measured by recording theV characteristic betweern0.3 resistance versus length for Au/RS/Au and Ag/RS/Ag junctions,

with extrapolatedR, values of 62 and 234, respectively. The
* il 1 i . . . . .
T B‘é“)"g‘t’rg‘e%?’gﬁsgﬁgfnﬁ’s‘fg should be addressed. E-mail: frisbie@cems.umn.edu,|arge difference irR, for these two junctions motivated us to make
* Department of Chemical Engineering and Materials Science. systematic measurementsRy{ for alkane thiol junctions with Pd

11268 = J. AM. CHEM. SOC. 2002, 124, 11268—11269 10.1021/ja0268332 CCC: $22.00 © 2002 American Chemical Society

Sall

tip,substrate = Au, Ag, Pd, Pt




COMMUNICATIONS

A T T T T T T
1010 4
10190 a

S 100 | ]

8 — 200 nm, 100000

= 108 | Au Tip a

X

2 107 | i

O

o qps |

_ — 200 nm, 100000
108 E“:gg“u‘ggi;l Agimoleculeldg |
. L ® Au/molecule/Au
10 C 1 L | | 1 |
2 4 3] 8 10 12
Number of Methylenes

B 108 .

g

© 108

Q

=

2

@ 104 4

i1

o

S |

g0y 28—

o o [ béu = P

Q < < 4o O i
S B AR 1 2 A

35 4.0 4.5 50 55 5.0 6.5

Work Function (V)

Figure 2. (A) Junction resistance vs chain length for alkanethiol junctions
with Ag contacts and Au contacts. Solid lines are best-fits. Insets show
SEM images of the Ag and Au tips. (B) Contact resistaigeas a function

of metal work functions for alkanethiol junctions. The effective work
functions of mixed metal pairs are taken to be the average of the two metal
work functions. The solid line is a guide for the eye.

and Pt contacts as well. We made measurements on junctions wher

the presence of a barrier to charge transport at the metalecule
interfaces. The dependence of the contact resistance on the metal
type (Figure 2B) indicates that the barrier heiglecreasesvith
increasing metal work function. Such data should be interpretable
in terms of interface dipoles and the Fermi level positigg) (vithin

the HOMO-LUMO gap of the molecules. A precise understanding
of the work function dependence of the contact resistance, its
relationship to the Fermi level position, and the differences between
the metatS and metatCHs; interfaces will require detailed
theoretical calculations. However, because high work function
contacts (e.g., Pt/Pt) yield smaller barriers, the Figure 2B data are
consistent with the conclusion that the Fermi level lies closer to
the HOMO than to the LUMO. This means the mechanism of
transport in alkane thiol junctions can be referred to appropriately
as “hole tunneling.” Cahen and co-workers recently reached a
similar conclusion in their studies of transport through aliphatic
monolayers contacted with Hg and p-Si electroeSystematic
studies of contact resistance versus metal work function have not
been reported previously for SAM-based molecular junctions, but
they are an important approach to understanding electronic proper-
ties of these systems.

In summary, we have demonstrated experimentally that the low-
voltage contact resistance in metaholecule-metal junctions
based on aliphatic SAMs has marked dependence on the contact
work function. From the work function dependence, we conclude
the Fermi level of these junctions lies close to the HOMO. We
have also shown that there is a small but measurable difference
(~10%) in the contact resistance associated with junctions based
on thiol versus isonitrile surface linkers. We are currently pursuing

gimilar measurements on SAMs of conjugated aromatic molecules.

the tip metal was the same as the substrate metal and on mixed Acknowledgment. C.D.F. thanks NSF and the Packard Founda-
metal junctions in which the tip and substrate metals were different, tion for financial support.

for example, tip meta= Au and substrate metat Pt. Figure 2B
is a plot of Ry versus metal work function resulting from these References

measurements. Each data point represents an av&agad

standard deviation determined from resistance versus length plots

for 5—10 individual tips. For junctions composed of only one metal,
we have used literature vald@gor the metal work function. For
mixed metal junctions, we have used the average of the two metal
work functions as the effective work function for the contacts. The
clear trend shown in Figure 2B is thia§ decreasesvith increasing
metal work function.

An important additional observation is that for mixed metal
junctions we do not observe a differenceRpwhen the tip metal
and substrate metal are reversed. For exaniplés the same for
Au (tip)/Ag (substrate) contacts and for Ag (tip)/Au (substrate)
contacts. Furthermore, we observe symmetti¥ behavior (at low
voltage) for all junctions in this study. These are surprising

observations because they suggest that the electrical behavior of

the physisorbed tipCH;z (top) contact is comparable to the
chemisorbed substrat$ (bottom) contact. However, intuition and
the recent results of othéP$ suggest that there should be real
differences in the electrical transport properties of me&land
metal-CHj; contacts. We emphasize that our contact resistance

measurements have been obtained in the low-voltage regime;

significant differences between met& and metatCHj; contacts
might not arise until larger voltages are reached. In future

experiments, we will address the dependence of contact resistance

on applied bias.
Our measurements confirm the importance of metal type to

contact resistance in SAM-based molecular junctions as predicted

by theoryi¢and they have important implications for the description
of electrical transport. The existence of contact resistance implies
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