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Scheme 1.Formation of a MetatMolecule-Metal Junction
by Contacting an Alkanethiol Self-Assembled Monolayer with
an Au-Coated AFM Tip
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monolayers (SAMs) of alkanethiols with a conducting atomic m%
force microscope (AFM) tip, Scheme 1. The electrical properties 21—V traces are obtained as a function of load applied to the tip-
of individual molecules and molecular assemblies are currently SAM contact, or as a function of number of carbons in the alkane chain.

of heightened interest because of potential applications in mo- Langmuir-Blodgett techniques are commonly employed in these
lecular electronics and new opportunities for understanding chargestudies because they are convenient approaches to immobilizing

We report the characterization of metaholecule-metal
tunnel junctions made by contacting Au-supported self-assembled

transport in organic systemdJolecular level electrical transport
studies require innovative approaches for making electrical

molecules at metal surfaces.
Conducting probe atomic force microscopy (CP-AF\Mro-

contacts to oriented molecules. Scanning tunneling microscopy vides an attractive approach to electrically contacting monolayer

(STM)? and electrochemical methodbave been used for a

films and the formation of metalmolecule-metal junctions. In

number of years to examine transport in surface-confined CP-AFM, a metal-coated AFM tip is placed in direct contact,
molecules. In STM and electrochemistry, the molecules are in under controlled load, with the material to be probed. The
direct contact with one metal electrode and charge is delivered technique differs from STM in that the probe is positioned using
by vacuum tunneling or redox molecules, respectively. More normal force feedback, which decouples probe positioning from

recently, metatmolecule-metal junctions have been fabricated
by assembling molecules inside metal-capped nanochaied
mechanical “break junction$”,or between mercury drofs,
nanofabricated electrodésand crossed wiresMetallic nano-

the sample conductivity and facilitates interpretation of the tip
location with respect to the sample (i.e., in contact or out of
contact). In previous studies, CP-AFM has been used to measure
the resistances of individual carbon nanotut¥ésemiconductor

particles have also been used as electrical contacts to moleculahanoparticled% LangmuirBlodgett films1°adsorbed molecules

monolayers supported on metal surfateSelf-assembly or

* Address correspondence to this author. E-mail: frishie@cems.umn.edu.

(1) (a) Yaliraki, S. N.; Kemp, M.; Ratner, M. Al. Am. Chem. Sod999
121, 3428. (b) Ratner, M. A,; Davis, B.; Kemp, M.; Mujica, V.; Roitberg, A.;
Yaliraki, S. Ann. N.Y. Acad. Scil998 852. (b) Jortner, J.; Ratner, M.
Molecular ElectronicsBlackwell, London, 1997.

(2) (&) Bumm, L. A.; Arnold, J. J.; Dunbar, T. D.; Allara, D. L.; Weiss, P.
S.J. Phys. Chem. B999 103 8122-8127. (b) Xue, Y.; Datta, S.; Hong, S.;
Reifenberger, R.; Henderson, J.; Kubiak,Rhys. Re. B 1999 59, R7852-
R7855. (c) Tian, W.; Datta, S.; Hong, S.; Reifenberger, R.; Henderson, J.;
Kubiak, C.J. Chem. Physl998 109, 2874-2882. (d) Cygan, M. T.; Dunbar,
T.D.; Arnold, J. J.; Bumm, L. A,; Shedlock, N. F.; Burgin, T. P.; Jones, L.,
II; Allara, D. L.; Tour, J. M.; Weiss, P. SJ. Am. Chem. Sod 998 120,
2721-2732. (e) Zhou, S.; Liu, Y.; Xu, Y.; Hu, W.; Zhu, D.; Qiu, X.; Wang,
C.; Bai, C.Chem. Phys. Letf.998 297, 77—82. (f) Datta, S.; Tian, W.; Hong,
S.; Reifenberger, R.; Henderson, J.; Kubiak,Rdys. Re. Lett. 1997 79,
2530-2533. (g) Magoga, M.; Joachim, ®hys. Re. B 1997, 56, 4722—
4729. (h) Dhirani, A.; Lin, P. H.; Guyot-Sionnest, P.; Zehner, R. W.; Sita, L.
R. J. Chem. Phys1997 106, 5249-5253. (i) Bumm, L. A.; Arnold, J. J.;
Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.; Jones, L., Il; Allara, D. L.; Tour,
J. M.; Weiss, P. SSciencel996 271, 1705-1707. (j) Joachim, C.; Gimzewski,
J. K.; Schlitter, R. R.; Chavy, (Phys. Re. Lett. 1995 74, 2102-2105. (k)
Diurig, U.; Zuger, O.; Michel, B.; Hassling, L.; Ringsdorf, HPhys. Re. B
1993 48, 1711-1717.

(3) (a) Slowinski, K.; Slowinska, K.; Majda, Ml. Phys. Chem. B999
103 8544-8551. (b) Delville, M.; Tsionsky, M.; Bard, ALangmuir 1998
14, 2774-2779. (c) Sachs, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, L. R.;
Smalley, J. F.; Newton, M. D.; Feldberg, S. W.; Chidsey, C. EJDAm.
Chem. Soc1997 119 10563-10564. (d) Slowinski, K.; Chamberlain, R.
V.; Miller, C. J.; Majda, M.J. Am. Chem. S0d997 119, 11910-11919. (e)
Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton,
M. D.; Liu, Y. J. Phys. Chem1995 99, 13141-13149. (f) Forster, R. J.;
Faulkner, L. RJ. Am. Chem. S0d994 116 5453-5461. (g) Chidsey, C. E.
D. Sciencel99], 251, 919-922.

(4) (@) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. Bciencel999
286, 1550-1552. (b) Zhou, C.; Deshpande, M. R.; Reed, M. A.; Jones, L.,
II; Tour, J. M. Appl. Phys. Lett1997 71, 611-613.

(5) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. 8tience
1997 278 252-254.

(6) (a) Slowinski, K.; Fong, H. K. Y.; Majda, MJ. Am. Chem. S0d.999
121, 7257-7261. (b) Haag, R.; Rampi, M. A.; Holmlin, R. E.; Whitesides,
G. M. J. Am. Chem. Sod999 121, 7895-7906. (c) Rampi, M. A.; Schueller,
0. J. A.; Whitesides, G. MAppl. Phys. Lett1998 72, 1781-1783.

(7) Tans, S. J.; Verschueren, A. R. M.; Dekker:Nature1998 393 49-52.

10.1021/ja994468h CCC: $19.00

on graphite'®® and organic semiconductor microcryst&s? In
an early study using metallic levers with high force constants,
Salmeron et al. measured current and cantilever deflection
simultaneously as the lever was brought into contact with a SAM
Of CH3(CH2)118H.lOi
We show here that CP-AFM may be used to make mechani-
cally stable electrical contact to SAMs of alkanethiols on Au.
We have probed the currentoltage (—V) characteristics of the
resulting junctions as a function of the number of methylenes in
the alkane chains and the load applied to the-§@mple contact.
The resistance of these junctions increases exponentially with
monolayer thickness, as expected for tunneling through a dielectric
film, proving that we can probe reproducibly the electrical
properties of the junctions as a function of molecular length.
We prepared SAMs of alkanethiols, @&H),SH, 5< n <
9, on polycrystalline Au and contacted these SAMs with an Au-
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Figure 1. Current-voltage characteristics as a function of applied load
for an Au tip in contact with a SAM of CKCH.)oSH. The data are
indicated by the filled circles and the lines are linear fits. At 2 nN load,
the current at-0.3 V is 0.15 nA. Data points for the 96 nN load are not
visible because of the current scale.

Resistance (Q)

coated SN, AFM cantilever, as shown in Scheme!1|—V
measurements were obtained in ambient conditions under a
constant, controlled load at a fixed point on the SAM using ¢ ]
external electronics described previouks® O L ! ! r
Figure 1 shows$—V characteristics for an Au probe in contact 6 7 8 9 10
with a decanethiol SAM for applied loads ranging from 2 to 96 Number of Methylene Groups
nN. Thel—-V traces were acquired with the same tip at the same Figure 2. (A) Current-voltage characteristics of tip/SAM/substrate
location and were reproducible at different locations on the sample junctions as a function of the number of carbons in the alkane chains.
surface. At each load, the traces are linear through—0e3 to The inset shows a semilog plot from 0 #0.3 V. (B) Resistance vs
+0.3 V range. When the tip is just in contact with the SAM at a number of carbons in the alkane chains. The lines in both panels A and
load of 2 nN, the resistance is 13 10'° Q. Applying higher B are linear fits.
loads results in the probe penetrating the SAM, thereby reducing
the resistance. We can apply enough force (typicalh00 nN
for decanethiol) to punch through the film to make-Au con-
tact. In such cases, we measure resistances as small(aQ.
The significance of the Figure 1 data is that while the junction
resistance is clearly load dependent, changes in load on the orde
of a few nN result in small changes in resistance. We estimate
that the load precision in our experiments is approximately 0.2
nN, which corresponds to resistance variations of a few percent.
Figure 2a shows typical-V characteristics between0.3 and
+0.3 V for thesameAu probe in contact with SAMs of CH
(CHy):SH, with 5 < n < 9.2 All measurements were taken at
the same nominal load of 2 nN. Again, within the sweep range,

thel =V traces are linear. Figure 2b shows a semilog plot of the =, potential limitation of our present setup is the irradiation of

average resistance for ea(_:h type of _junction as a function of thethe junction with scattered light{670 nm) from the optical beam
number of carbon atoms in the chain. The error bars represent sed to detect the lever deflection. The optical gap of alkanethiols

thi.estlmgéedhstan?ﬁr?tﬁewatﬁtn. . tiall .th(~6 eV) is much greater than the photon energy (1.8 eV) so direct
Igure 2b shows that the resistance Increases exponentally Withg, iaion of the molecules cannot occur. However, in future

fr? : 'g AG;;]%:]TCQ gsg?r?(gigtslzlslrl}ﬁreeailse\;;trr:ciazurgﬂﬂf&? g:‘nr%it(hl-) experiments involving conjugated molecules, optical absorption
4 y with t . may play an important role in the measured transport character-
ylenes®and (2). the transport mechanism IS likely o be tunneling, istics. In some cases, it may be desirable to eliminate the optical
g € | ! . . . .
3ased on prtewtousl STIW,: gr}d elet%troghtemlcg! studiést ir 2‘; beam, or to use the beam to intentionally stimulate electronic or
ecay constant calculated from the data in Figure Zb3s1. vibrational transitions of molecules in the junction.
per methylene uni® This is in reasonable agreement with the In summary, we have shown that it is possible to make stable

valéjesilof 1255’ #(‘;‘1 aend 1‘514 pg;(rjnethylen.e plubhshed by WeISS g|ectrical contact to SAMs of alkanethiols by AFM. The resulting
and Allara;® Chidsey:® and Majdz" respectively. metal-molecule-metal junctions behave as tunneling junctions,

(11) SN, cantilevers (nominal force constant 0.06 N/m) were coated with in which the resistance increases exponentially with SAM
40 A Cr followed by 400 A of Au. All measurements were done using a thickness. Contacting SAMs with metallized AFM tips should

Digital Instruments Nanoscope 3a Atomic Force Microscope. :
(12)1-V traces were recorded sequentially for SAMS of &H,)sSH, be a general approach to probing the conductance of molecular

CHs(CHy)¢SH, CHy(CHy)7SH, CH(CH,)sSH, and CH(CH,)sSH, respectively. junctions as a function of the bonding and functional group

After completing the series of measurements, rerecording-theon SAMs architecture of the constituent molecules.

of CH3(CH,)eSH showed that no substantial changes to the tip had occurred. ] ) )
(13) The standard deviation was calculated for each chain length using ~ Acknowledgment. C.D.F. thanks the National Science Foundation
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Our data show that it is possible to put a conducting probe in
reproducible mechanical contact with SAMs and to obtaiv
characteristics that show predictable dependence on the SAM
thickness. An advantage of CP-AFM measurements is experi-
mental simplicity, providing a convenient alternative to labor-
Intensive microfabrication methods for making metalolecule-
metal junctions. In comparison to STM studfeimterpretation
of the |-V characteristics is simplified by the absence of an
additional tunneling gap between the CP-AFM probe and the
SAM. Thus, CP-AFM is a promising approach for studying
transport through molecular junctions and its dependence on
conjugation, functional group distributions, orientations, and
molecular dimensions.




