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Abstract: This paper describes an experimentally simple system for measuring rates of electron transport
across organic thin films having a range of molecular structures. The system uses -aimsetator-metal
junction based on self-assembled monolayers (SAMs); it is particularly easy to assemble. The junction consists
of a SAM supported on a silver film (Ag-SAM(1)) in contact with a second SAM supported on the surface of
a drop of mercury (Hg-SAM(2)ythat is, a Ag-SAM(1)SAM(2)-Hg junction. SAM(1) and SAM(2) can be
derived from the same or different thiols. The current that flowed across junctions with SAMs of aliphatic
thiols or aromatic thiols on Ag and a SAM of hexadecane thiol on Hg depended both on the molecular structure
and on the thickness of the SAM on Ag: the current density at a bias of 0.5 V ranged frot021° A/cm?

for HS(CH,)1sCHs on Ag to 1 x 108 A/cm? for HS(CH)7CHz on Ag, and from 3x 108 A/cm? for HS(Ph}H

(Ph= 1,4-GH,) on Ag to 7 x 104 A/cm? for HSPhH on Ag. The current density increased roughly linearly
with the area of contact between SAM(1) and SAM(2), and it was not different between Ag films that were
100 or 200 nm thick. The currentoltage curves were symmetrical arowiek 0. The current density decreased

with increasing distance between the electrodes according to the rellatidge #%ors, Wheredag ng is the
distance between the electrodes, gnd the structure-dependent attenuation factor for the molecules making
up SAM(1). At an applied potential of 0.5 \3 was 0.87+ 0.1 A1 for alkanethiols, 0.6 0.1 A1 for
oligophenylene thiols, and 0.6% 0.1 A~ for benzylic derivatives of oligophenylene thiols. The valueg of

did not depend significantly on applied potential over the range of 0.1 to 1 V. These junctions provide a test
bed with which to screen the intrinsic electrical properties of SAMs made up of molecules with different
structures; information obtained using these junctions will be useful in correlating molecular structure and
rates of electron transport.

Introduction to chemists are those that have examined the rates of electron

This paper describes a versatile junction that offers experi- transfer from a donor (D) to an acceptor (A) through a molgcular
mentally simple access to rates of electron transport across &fidge (B) in solution in so-called BB—A assemblies:
wide range of organic thin films (Figure 1). We intend to use Studies of electron transfer in EB—A assemblies have
this junction as a test bed with which to correlate rates of provided a substantial body of information about the relation
electron transport with molecular structure across self-assembled ™ ) Fox M. A. Acc. Chem. Res.999 32, 201-207.
monolayers (SAMs) sandwiched between two metal electrodes.  (3) Paddon-Row: M. NAcc. Chem. Res.994 27, 18-25.
The work described in this paper provides reference values of (g) (B7'°SIS’ Gé LE;-'\Q”e[{ J-IRAST_"?rgel%HS %Bf‘q 4‘}0‘447(-:h 199
important parameters against which data obtained using more38(2)59£"§'2ezrj +E.; Raphael, A. L; Gray, H. Brog. Inorg. Chem199Q
complex systems can be compared. (6) Fox, L. S.; Kozik, M.; Winkler, J. R.; Gray, H. BScience199Q

Understanding how electrons flow through organic matter is 24?7)18\?9—_1'071-k_ M. RChem. Re. 1692 92, 435461
H H . H . H aslelewskl, V. em. Re. " .
|n_1port_ant in several areas: ratlongllzmg elect_ron trgnsfer in (8) MacQueen, D. B.. Schanze, K. 3. Am. Chem. Sod991 113
biological molecules; fabricating microelectronic devices and 7470-7479.
sensors; developing molecular electronics; and interpreting data (9) Verhoeven, J. W.; Kroon, J.; Paddon-Row, M. N.; Oliver, A. M. In
i i i Photoconersion Processes For Energy and Chemichlall, D. O., Grassi,

Lrom Ecannlng (tjgngellng microscopy (Sng/lf?f Electron tra.nSportl G., Eds.; Elsevier: Amsterdam, The Netherlands, 1989; p 100.

as been studied using a range of different experimenta (10) Paulson, B.; Pramrod, K.; Eaton, P.; Closs, G.; Miller, J.RRhys.
approaches. Chem.1993 97, 13042-13045. _ _

D—B—A Assemblies. (a) Synthetic Model SystemsThe (11) Davis, W. B.; Svec, W. A.; Ratner, M. A.; Wasielewski, M. R.

experimental approaches to these questions that are mostfamiliaplagghgjfnssia. g%_ilgfb . McLendon, G1. Am. Chem. Sod992 114
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Table 1. Values ofg for Organic Molecules Measured with
Different Experimental Systems

= system composition of organics (A1) ref
Electrometer | -
D—B—A saturated hydrocarbon 08.0 2-11
B oligophenylene 040.6 12
biological photosynthetic reaction 1.4 21,22
center
Liquid Mercury < semisynthetic proteins 0-81.2 23
DNA 0.1-1.4 28-33
Solution of Thiok electrochemical alkanethiol SAM on Au 0:2.2 38-44
Solid Silver Film—{_}:: : oligo(phenyleneacetylene) 00.5 45,46
Silicon Wafe MIM junction ~ SAM of Fatty acid on Al/A}JO; 1.5 48, 49
< ' \]HgfsAM//SAMng alkanethiol SAM on Hg 0.8 60
junction
CP-AFM alkanethiol SAM on Au 11 75
STM alkanethiol SAM on Au 1.2 109
SAM(2) Constant synthesis that is required to obtain them can be difficult, and it

is impractical to consider generating large sets of data using
them. For this reason, they do not provide an ideally convenient
strategy with which to study electron transfer across a range of
molecular structures.

(b) Biological Systems.Electron transport has also been
studied by a molecular approach in biological systems. Rates
of electron transfer between different proteins of the photosyn-
thetic reaction center have been measured by several gfoéps.
Analysis of these rates by Dutt®?? yielded a value of3 of
1.4 A-1for electron tunneling across proteins (Table 1). Gtay
and others have studied electron transport in cytochromes,
azurins, myoglobins, and irersulfur proteing€*-27 Values of
p in these systems have been reported to range from 0.8 to
. 1.2 A1 (Table 1) These observations lead to the hypothesis

S Yo that electron transfer in proteins takes place along well-defined
Figure 1. Schematic illustration of and-samwusame-Hg junction (the pathways in different proteins. Electron transport across DNA
text explains the nomenclature). The photographic image is that of a has also been measured, and valueg &@r DNA have been
Jag-crgicis-Hg junction. reported to range from 0.1 to 1.4-A (Table 1)22-34 These

values now seem to represent transport by different mechanisms,

between rates of electron transfer and molecular structure. The - - -
extensive literature describing thém? indicates that the rate ACS;%';Q'?& 'f-l?z!Vl'gg_SO“ W. W.; Thornber, J. Biochem. Biophys.
of electron transferker) generally depends exponentially on (17) Gunner, M. R.; Dutton, P. L1. Am. Chem. Sod989 111, 3400~
distance according to eq ko(is a preexponential factog, is a 3412. _
structure-dependent attenuation factor that describes the deca)éiééﬁzlsscggt’;%’szcés%?43'_35”9')‘9””'9 R. E.; Parson, W. Bibchem.
of electronic coupling between D and A as the distance " (1q) chidsey, C. E. D.; Kirmaier, C.; Holten, D.; Boxer, S.Bochem.

separating them increasel; A is the distance separating D and  Biopys. Actal985 766, 424-437.
A). (20) Takahashi, E.; Wraight, C. AEBS Lett.1991 283 140-144.
(21) Page, C. C.; Moser, C. C.; Chen, X.; Dutton, P Nature 1999
47-52.
kET = koe_ﬁdf’vA (1) (22) Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P.
L. Nature 1992 355, 796-802.
) o (23) Winkler, J. R.; Di Bilio, A. J.; Farrow, N. A.; Richards, J. H.; Gray,
The value of the attenuation factgr, depends significantly ~ H. B. Pure Appl. Chem1999 71, 1753-1764. _
on the molecular structure of the bridge. Table 1 lists values of | _(24) Wuttke, D. S.; Bjerrum, M. J.; Winkler, J. R.; Gray, H. Science

. ; . 1992 256, 1007-1009.
B that have been reported for4B—A systems in which the (25) Cowan, J. A.; Upmacis, R. K.; Beretan, D. N.; Onuchic, J. N.; Gray,

bridge was composed of saturated hydrocarbdésand oli- H. B. Ann. N.Y. Acad. Scil988§ 550, 68—84. o
gophenylene¥’ These values are seldom accompanied by (26) Mines, G. A; Bjerum, M. J.; Hill, M. G.; Casimiro, D. R.; Chang,

reliable estimates of uncertainty or of confidence limits, and it "'gJégWi”k'er' J. R Gray, H. BJ. Am. Chem. S0d996 118 1961

is currently difficult to judge when differences ifi are (27) Babini, E.; Bertini, I.; Borsari, M.; Capozzi, F.; Luchinat, C.; Zhang,
significant. These values are all lower than the estimatgs of X.; Moura, G. L. C.; Kurnikov, I. V.; Beratan, D. N.; Ponce, A.; Di Bilio,
(2.9-3.4 A1) based on a model of tunneling through vacuum J: A;; Winkler, J. R.; Gray, H. BJ. Am. Chem. So@00Q 122, 4532~
assuming a rectangular barrier of height® eV1415 The (28) Kelley, S. O.: Barton, J. KSciencel999 283 375-381.
attenuation factof has emerged as a characteristic parameter  (29) Lewis, F. D.; Wu, T. W.; Liu, X.; Letsinger, R. L.; Greenfield, S.
that can be used to classify the ability of molecular structures R.; Miller, S. E.; Wasielewski, M. RJ. Am. Chem. So200Q 122, 2889~

to provide a medium that facilitates tunneling from the D to (30) Fukui, K.: Tanaka, KAngew. Chem., Int. Ed. Engl998 37, 158
the A, and to infer mechanistic details of the electron transfer. 161.

Despite the wide application of these systems, the organic  (31) Wan, C.; Fiebig, T.; Kelley, S. O.; Treadway, C. R.; Barton, J. K;
Zewail, A. H. Proc. Natl. Acad. Sci. U.S.A999 96, 6014-6019.

(14) Gamow, GZ. Phys.1928 51, 204-212. (32) Harriman, A.Angew. Chem., Int. Ed. Engl999 38, 945-949.

(15) Onuchic, J. N.; Beratan, D. N.; Winkler, J. R.; Gray, H.Ahnu. (33) Meggers, E.; Michel-Beyerle, M. E.; Giese, B.Am. Chem. Soc.
Rev. Biophys. Biomol. Structl992 21, 349-377. 1998 120, 12950-12955.
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Electron Transport through Thin Organic Films

with the lowest values (i.e. the most conducting samples)
dominated by hopping?2°3*While the data describing electron
transfer in biological systems are important for understanding
tunneling in biology, the heterogeneity of the biological
structures-and of the mechanisms of electron transport through

J. Am. Chem. Soc., Vol. 123, No. 21, Z0yr

the surface of a LangmuiBlodgett film or a SAM*-54 |n
this method of evaporation/condensation, metal atoms probably
react with or damage the organic films, although these processes
have not been characterized explicitly.

Reed® and Joachin?®57 have used break junctions imagi-

them—makes interpretation of rates of electron transport in these natively in studying tunneling across benzenedithiols and

systems difficult.
Electrochemical Studies.SAMs of organic thiols on the
surface of metal electrodes (Ag, Au, and Hg) provide thin

oligothiophenes. Break junctions offer, in principle, the ability
to characterize the conductance of single molecules and do not
require the evaporation of a metal onto an organic layer, but

organic films with well-defined thicknesses that can be changed they are difficult to characterize and they often fail due to

by varying the length of the organic grouffs3’ Rates of
electron transfer to a redox active molecule in solution above
the SAMP®—41 or to one attached to the surface by a molecular
tethef?=47 have been measured for films formed from a range
of molecules with different structures. These rates also follow
the relation in eq 1; values ¢f determined by this approach
have been reported for alkanethi§is* and for conjugated
molecules derived from oligo(phenylacetylene) (Tablé5t}.
The electrochemical approach is potentially limited by the range

electrical shorting.

To study organic thin films as nanoscale dielectrics, we
developed a MIM junction that employs liquid Hg electrodes
supporting SAMs of alkanethiols in van der Waals cont&8®
Majda used this junction to measure tunneling across SAMs
sandwiched between the Hg electrofiékle reported that the
rate of electron transport across these junctions followed the
relation described by eq 1, and determined a valu¢ et
0.8 A1 for SAMs of alkanethiols.

of rates of electron transfer that can be measured: measurements MIM junctions have also been developed using scanning

of high rates of electron transfer can require complicated

probe microscopies (SPM) such as STM and atomic force

experiments that are beyond the scope of the electrochemicalmicroscopy (AFM). STM has been used as a junction where

technique®3

MIM Junctions and SPM Systems. Solid-state metat
insulator-metal (MIM) junctions, where electrons flow between

the tunneling electrons flow from the metal tip through an
insulating layer to a metal surface on a solid subsffe8everal
groups have used STM to probe tunneling across molecules in

metal surfaces that are separated by insulating films, have beerthin organic film§2~7! One of the difficulties in interpreting
used to study organic materials. Since the pioneering work of STM data is that the position of the probe and the conductivity

Mann and Kuhrf@ several types of MIM junctions have been
fabricated’*=>4 One of the challenges in fabricating these
junctions is applying a second electrode onto a thin organic film

of the sample are coupled, so it is difficult to establish the
location of the tip relative to the sample. Conducting-probe AFM
(CP-AFM) obviates this difficulty by controlling the position

adsorbed on a metal or semiconductor surface. This secondof a metal-coated tip with respect to the substrate using force

electrode is frequently formed by evaporation of a metal onto

(34) Henderson, P. T.; Jones, D.; Hampikian, G.; Kan, Y.; Schuster, G.
B. Proc. Natl. Acad. Sci. U.S.A999 96, 8353-8358.

(35) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G.
M.; Nuzzo, R. G.J. Am. Chem. S0d.989 111, 321—335.

(36) Ulman, A. An Introduction to Ultrathin Organic Films from
Langmuir-Blodgett to Self-Assemblficademic Press: New York, 1991.

(37) Laibinis, P. E.; Palmer, B. J.; lee, S. W.; Jennigs, G. K. The synthesis
of Organothiols and their Assembly in to Monolayers on Gold.Thin
Solid Films Academic Press: Boston, MA, 1998; Vo.l 24, pp4

(38) Finklea, H. O.; Hanshew, D. 3. Am. Chem. So&992 114, 3173~
3181.

(39) Becka, A. M.; Miller, C. JJ. Phys. Chem1992 96, 2657-2668.

(40) Miller, C.; Cuendet, P.; Gtael, M. J. Phys. Chenil991, 95, 877—
886.

(41) Slowiski, K.; Chamberlain, R. V.; Miller, C. J.; Majda, M. Am.
Chem. Soc1997, 119, 11910-11919.

(42) Chidsey, C. E. DSciencel991, 251, 919-922.

(43) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.;
Newton, M. D.; Liu, Y.J. Phys. Chem1995 99, 13141-13149.

(44) Weber, K.; Hockett, L.; Creager, 3. Phys. Chem. B997, 101,
8286-8291.

(45) Creager, S.; Yu, C. Y.; Bamdad, C.; O’'Connor, S.; MacLean, T.;
Lam, E.; Chong, Y.; Olsen, G. T.; Luo, J.; Gozin, M.; Kayyem, JJF.
Am. Chem. Sod 999 121, 1056-1064.

(46) Sachs, S. B.; Dudeek, S. P.; Hsung, R. P.; Sita, L. R.; Smalley, J.
F.; Newton, M. D.; Feldberg, S. W.; Chidsey, C. E. D.Am.Chem. Soc
1997 119 10563-10564.

(47) Bakker, E. P. A. M.; Roest, A. L.; Marsman, A. W.; Jenneskens,
L. W.; de Jong-van Steensel, L. I.; Kelly, J. J.; Vanmaekelbergh).D.
Phys. Chem. R00Q 104, 7266-7272.

(48) Mann, B.; Kuhn, HJ. Appl. Phys1971, 42, 4398-4405.

(49) Polymeropoulos, E. Bl. Chem. Phys1978 69, 1836-1847.

(50) Metzger, R. MAcc. Chem. Red.999 32, 950-957.

(51) Collet, J.; Lenfant, S.; Vuillaume, D.; Bouloussa, O.; Rondelez, F.;
Gay, J. M.; Kham, K.; Chevrot, Appl. Phys. Lett200Q 76, 1339-1341.

(52) Vuillaume, D.; Chen, B.; Metzger, M.angmuir1999 15, 4011-
4017.
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(54) Zhou, C.; Despande, M. R.; Reed, M. A.; Jones, L., II; Tour, J. M.
Appl. Phys. Lett1997 71, 611-613.
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particular, Frisbie measuréd-V curves for SAMs of alkanethi-  Electron transport through a tunneling barrier can exhibit a range
ols on Au’®Values of8 measured by CP-AFM and STM (Table  of behaviors, depending on the size, the shape, the thickness of
1) are in agreement with those measured with molecular the barrier, and the character and density of def®ctbie most

systems. prevalent behaviors are thermionic emission, direct tunneling,
Theory. In the theory describing nonadiabatic electron resonant tunneling, and hopping transport mediated by défects.
transfer in molecular systems, the rate of electron trankggy ( More recently?”~100 Bardeen’$®! analysis of tunneling and

is given by eq Z8-8° which explicitly separates contributions  Landauer'$®? scattering formalism have been used to develop
models for electron transport across molecules in MIM junctions.
ker = (4ﬂ/h)HDA2 (FCWD) 2 This approach relates the conductangg tb a transmission
function, T (eq 4)?7 T is given by eq 5, wheré is the length
from the electronic and nuclear wave functiokig;s describes

the electronic coupling between the electronic wave functions g 0 (/) T? 4)
of the donor (D) and the acceptor (A), and FCWD is the o
Franck-Condon weighted density of states that describes the T~ g 2mEQ™LM (5)

overlap of nuclear wave functions of the reactant and the

product® Hpa (and thereforeker) depends exponentially on  of the molecule £y is the HOMO-LUMO gapm is the rest

the distance separating the electron donor and the electronmass of an electron, aris Planck’s constant. It is interesting

acceptor because of the exponential drop-off of the electronic to observe the analogy between the transmission fundtion

wave functions with distance (eq 3). A variety of strategies have eq 5 and the electronic coupling factidig in eq 2; bothHag
and T depend exponentially on the length of the molecdfe.

ker 0 Hpa? O exp(—f3d) 3) As with calculations oHpa, different methods have been used
to calculateT.61.97.104The fitting of the ofl—V experimental
been employed to calculatéps for D—B—A assemblie§2-91 data in STM or MIM junctions with these models is still an

Many of these approaches build on the superexchange modeissue under debate; the most difficult problem is how to treat
used by McConnef2 which assumes that indirect coupling the interaction between the molecules and the metal surfées.
between D and A takes place by mixing between electronic ~ Experimental Design. We agree with many of the others
states on D and A and high-energy states on the bridging groupwho have studied mechanlsms qf electron transfer through
(often called “virtual states”). organic matter that a fruitful experimental approach to under-

For electron transport between metal electrodes, the nuclearstanding them s to correlate rates of electron transfer with
wave functions of the “reactant” and the “product” can be molecular structure, and to infer mechanism from these cor-
assumed to be identical and therefore the theoretical descriptiongelations. Our goal in this work is to develop an experimental
consider only the electronic wave functions. Mann and Kfihn ~ system that can efficiently screen the electrical properties of a
and Po|ymeropo|odg used models for tunne]ing across a range of OrganiC molecules with different structures. The SyStem
rectangular barrier to interpret electron transport across organicWe use consists of a drop of Hg, supporting an alkanethiol SAM,
thin fims in early MIM junctions®®°4 In this model, the in contact with the surface of another SAM supported by a
tunneling barrier is considered to be an unstructured barrier; second metal (Ag, Au, Cu, Hg$*>*The essential feature of
the molecular structure of the medium is not considered. To these junctions is the SAM-coated Hg electrode. SAMs of
our knowledge, this example is the only one where the abstractorganic thiols form easily on the surface of Hg with the thiols

model of the rectangular barrier fits the experimental data. oriented perpendicularly to the metal surface. A liquid Hg
surface supporting a SAM is compliant, and conforms to the

topography of a solid surface with which it is brought in contact;

(75) Wold, D. J.; Frishie, C. DJ. Am. Chem. So00Q 122 2970~

29?71é) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265— this ability to conform minimizes the potential of shorting and

322. of mechanical damage to the SAM, and also minimizes the

10&71)3?25??%6% F.; Meyer, T. J.; Ratner, M. A.Phys. Chem199§ influence of the nanometer-scale roughness of a SAM on a solid
(78) Hush, N. SCoord. Chem. Re 1985 64, 135-157. metal surface on rates of electron transport. The second electrode
(79) Newton, M. D.Chem. Re. 1991, 91, 767—792. also contributes to the flexibility of the junction. We have

(80) Devault, DQuantum Mechanical Tunneling in Biological Systems  assembled junctions both with liquid Hg as the second electrode

Cambridge University Press: Cambridge, 1981. - . . .
(81) Methods for calculating FCWD have also been described: (a) and with a thin solid evaporated metal film (Ag, Au, Cu) as

Marcus, R. AJ. Chem Physl956 24, 966-978. (b) Jortner, J. J. Chem. the second electrode; the latter were easier to assemble and

Phys.1976 64, 4860-4867. (c) Hopfield, J. PProc. Natl. Acad. Sci. U.S.A. manipulate than the former and had significantly fewer failures
1974 71, 3640-3644.

(82) Liang, C.; Newton, M. DJ. Phys. Chem1992 96, 2855-2866. (95) Barraud A.; Millie, P.; Yakimenko, 1J. Chem. Phys1996 105

(83) Liang, C.; Newton, M. DJ. Phys. Chem1993 97, 3199-3211. 6972-6978.

(84) Naleway, C. A.; Curtiss, L. A.; Miller, J. Rl. Phys. Cheml1991 (96) Chen, J.; Calvet, L. C.; Reed, M. A.; Carr, D. W.; Grubisha, D. S.;
95, 8434-8437. Bennett, D. W.Chem. Phys. Lett1l999 313 741-788.

(85) Beratan, D. N.; Hopfiled. J. J. Am. Chem. S04984 106, 1584~ (97) Ratner, M. A.; Davis, B.; Kemp, M.; Mujica, V.; Roitberg, A,;
1594. Yaliraki, S. Ann. N.Y. Acad. Scll998 852 22-37.

(86) Ratner, M. AJ. Phys. Chem199Q 94, 4877-4883. (98) Datta, SElectronic Transport in Mesoscopic Systef@ambridge

(87) Reimers, J. R.; Hush, N. €hem. Phys199Q 146, 89-103. University Press: Cambridge, 1995.

(88) Siddarth, P.; Marcus, R. A. Phys. Chen1993 97, 13078-13082. (99) Emberly, E. G.; Kirczenov, GPhys. Re. B 2000 61, 5740.

(89) Evenson, J. W.; Karplus, Msciencel993 262 1247-1249. (100) Mujica, V.; Roitberg, A. E.; Ratner, M. Chem. Phys200Q 112,

(90) Skourtis, S. S.; Regan, J. J.; Onuchic, JJNPhys. Chem1994 6934-6839.
98, 3379-3388. (101) Bardeen, Phys. Todayl969 22, 40—46 and references therein.

(91) Advances in Chemical Physics, Volume 106, Electron Transfer (102) Landauer, RPhys. Lett. A1981 8, 91 and references therein.
From Isolated Molecules to Biomolecules, Part Odeytner, J., Bixon, (103) Segal, D.; Nitzan, A.; Ratner, M.; Davis, W. B. Phys. Chem.
M., Eds.; John Wiley & Sons: New York, 1999. 200Q 104, 2790-2793.

(92) McConnell, H. M.J. Chem. Phys1961, 35, 508-515. (104) Magoga, M.; Joachim, ®hys. Re. B 1997, 4722-4729.

(93) Simmons, J. GJ. Appl. Phys1963 34, 1793-1803. (105) Yaliraki, S. N.; Kemp, M.; Ratner, M. Al. Am. Chem. So&999

(94) Hartman, T. EJ. Appl. Phys1964 35, 3283-3294. 121, 3428-3434.



Electron Transport through Thin Organic Films J. Am. Chem. Soc., Vol. 123, No. 21, BZl¥YD

due to electrical and mechanical breakdd®ff In addition, a Table 2. Summary of the Composition, Distance from Ag to Hg
system that uses one macroscopic, planar, solid electrode surfacélv.xg), Current Density at 0.5 V, Breakdown Voltage (BDV), and
allows several consecutive measurements to be made on th&réakdown Field (BD-Field) fora}-sawaysava-+g Junctions

same sample. We have concentrated on junctions that are formed g ssdtoform  Thiolusedtoform ‘e Cortem Bty B0V oy,
from a Hg electrode supporting a single common alkanethiol =~/ o HSCH)CH, 26202  1x10° 17204 05 201
SAM (CH3(CH,)14CH,SH) and silver electrodes supporting a HS(CH),CH, 39402 4x107 18401 0464005
number of SAMs derived from different organic thiols (Figure HS(CH,);,CH, 41£02  5x10° 19401 046+005
1)106We have assembled the junctions in hexadecane because Hs(CH),CH, 44102 4x10° 20402 045007
it is insulating and minimizes background currents due to defects = HS(GHz):CH, 46402 2x10M 25504 05 £01
in the SAMSs; solvents such as water and ethanol gave high —HSCHCHs HS(OH,),,CHy - 3602 5x10° 19502 0532009
background currents. HS(CH,),,CH; HS(CH,),,CH, 36+02 8x 10% 19+03 05 +0.1
Nomenclature. To describe these junctions, we use the s~ HS(CH.),sCHy 32402 7x10*  07x02 022+008
nomenclature a}-samayisame)y-Hg, Where J indicates a junc- HSCH~ ) 33£02  2x10* 0701 021005
tion, // represents van der Waals interactions at the inter- <) 37402 8x10° 14404 04 +01
face between the termlnz_al groups of the SAMs (ty_plcally HsoH)—O) 37402 6x10° 15501 0414005
—XIIH3C(CH)n—), SAM(1) indicates the SAM on the solid Ag
electrode, and SAM(2) indicates the SAM on the Hg electrode. "<~ 41202 3x107 20502 0492008
We refer to SAMs composed of alkanethiols, HSEhH CHs HsoH~ )<~ 42302 5x107 17501 0404005

(n=38, 10, 12, 14, 16), by the notatior,Go aromatic SAMs
composed of oligophenylene derivatives, H&{Qx-1CsHs
(k =1, 2, 3) by the notation (Pgl; and to aromatic SAMs

aThe method of estimatindag g is described in the Experimental
Section.P Current density measured with an applied potential of
0.5 V.

composed of benzylic homologues of the oligophenylene

»
]

thiols, HSCH(CgH4)m-1CsHs (m = 1, 2, 3), by the notation 107+ T
o 3 1
CHa(Ph)H. LE’ 10..;: (A) JAg-lel ¢yt
Results and Discussion ,<; \ : /
Fabrication and Electrical Stability of Junctions with = ! ..I’
Structure Jag-samyrsame)-Hg. (@) Fabrication. Figure 1 shows s 10 3 ‘Tss b8t
a schematic drawing of a typicalgl sam(1)rsam)-Hg junction a 3 % i o
and a photographic image of agJc,gici,s—Hg junction. To S 10‘*’-E o °
assemble the junction, we formed a SAM on the surface of a = oe
thin evaporated film of silver by exposing it to a solution of © 4o ] !
the appropriate thiol in ethanol or THF (2 mM, 248 h). We '1 o :ols; T Oi o '0'5' i 1'

then placed this electrode in a beaker and covered it with a
solution of hexadecane containingl mM hexadecanethiol
(HDT; Cyg). To form the SAM on the drop of Hg, we expressed

a small drop €5 uL) into a solution of HDT from a capillary
connected to a reservoir of mercury; we allowed a SAM of HDT
to form on the Hg surface for10 min. A micromanipulator
was then used to bring the HDT-covered mercury drog{C

Hg) gently into contact with the SAM on the solid electrode.
The area of interfacial contact was estimated using a microscope
to magnify the image of the interface on a video monitor where
its diameter could be measured and compared to the known
diameter of the capillary that supported the drop. We applied a
potential across the junction and recorded the current using an
electrometer as both the voltage source and ammeter.

Current Density (A/cm 2) x 10"

- = -

QN b O O O N b

Bias Potgqtial (V)

PPN

saadoa s beaslaaalaaelanalass

0

0.02 0.04 0.06 0.08

0.1

(b) Electrical Breakdown of Jag—sam(1yisam@)-Hg Junctions. Bias Voltage (V) [Hg Cathodic]
The maximum voltage sustained bygJsam()isame)-Hg
junctions—the breakdown voltage (BDWsets the practical ~ Figure 2. (A) Plot of current density (logarithmic scale) as a function
limit of the voltage range over which we can examine current of bias voltage over the range ofl to 1 V for ajunction with structure
flowing across the junctions. The BDV is revealed by an abrupt Js-Cuici—re: The data are the average of four independent measure-
increase in current flowing across the junction in response to ments with negative bias and four independent measurements with
. . . . . : . positive bias. The length of the error bars is representative of the
increasing applied potential; this electrical response is usually giandard deviation obtained from a statistically significant population
followed by irreversible mechanical breakdown in which the ot junctions (see section on reproducibility). (B) Plot of current density
mercury forms an amalgam with the silver. Table 2 lists the (linear scale) as a function of bias voltage over the range-&.0 V
values of the BDV, and the values of the electrical field at for a junction with structure s—c,yic,,-Hg-
breakdown (BD-field) for thea}—samyrsame)-Hg junctions that _
we have examined in previous studies of the B¥\and in Electron Transport across Jag-sam(yisam(z)-Hg Junctions.
this work. With the exception of ad—pnricie-Hg and (@) 1=V Curves for Jag-samayisam@-Hg Junctions. We
Jag—CroPh)HIGs—Hg: the junctions were stable to applied potentials measured the current that flowed across the junction in response
above 1 V. to changes in potential {V curve) over a range of-01 V.

(106) We chose silver as the solid support because the molecules in both':Igure 2A shows an average of sevéral/ curves for a junction

aliphatic and aromatic SAMs are known to have a smaller tilt angle with With structure dg-c,qic,s-Hg- Figure 2B shows current density
respect to the surface normal than that on a gold sutficé? for Jag—caici—Hg @S a function of bias voltage from 0 to 0.1 V.
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3 O oo vo'o O 0—Ph, 0.61 1.7 JAg-Cw/IC“-Hg
. o P
w00 00 g™ L, v YCHPh 057 20 (+)A§@),“mx ( c. ‘SEHg(—)
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Figure 3. Plots of current density as a function of the bias voltage 10° LI B e B e e
between the mercury and silver electrodes f@r shwyyicis—Hg junctions. 0 0.2 0.4 0.6 0.8
The symbols used to represent different classes of compounds are the Bias Voltage (V) [Hg Cathodic]

following: ®, HS(CH).-1CHs; O, HS(Ph)H (all substitution of . o . ) ) ) ]

benzene rings is 1,4); ar®, HSCH(Ph):H. The length of the error Figure 4. (A) Schematic illustration of three junctions in which the
bars is representative of the standard deviation obtained from a distance separating the electrodes was roughly the same for each
statistically significant population of junctions (see section on reproduc- 1unction (~3.6 nm) but the combination of thiols in SAM(1) and SAM-
ibility). We list values ofge (height of the tunneling barrier) arw(an (2) was different. (B) Plots of current density as a function of applied
adjustable parameter that accounts for nonrectangular barriers) obtained0tential for the threesd-samysau(z)-+g junctions pictured in part A.

by nonlinear least-squares fitting of theV curve for each SAM on _The symbols used to represent the different junctions are the follow-
Ag to eq 9 (see section on data fitting). The lines connecting triads of 'N9- @, Jg-cyicie+g Or Jag-cigicra—tg: @NA A, Jag—CyicioHg-

data adjacent to the values@fanda are for SAMs on Ag having the . . . . . .
same trjﬂckness. o 9 9 and SAM(2). We fabricated three junctions in which the distance

between the electrodes 8.6 nm) and the number of methylene

These plots show that the current density is nearly symmetric 9"0UPS separating them = 24) remained constant, but the
aboutV = 0 V, and that it increases linearly at low bias !nterface bgtween thg SAMs was at a different position in each
potentials ¥ < 0.1 V) and increases exponentially above.1 junction (Figure 4). Figure 4 shows tIh_eV curves for t_he three
V. This combination of a linear relation to bias at low potentials 1unctions. Although the current density increases in the order
and an exponential relation to bias at high potentials is consistentAg—Ce//Cis—Hg < Jag—Cio/Cie—Hg = Jag-Cualicio—Hg, the differences
with tunneling of electrons across the junctf§n97.104 are small compared to the changes in current density for the

Figure 3 showd—V curves for 4y sawyic,_tg junctions series dg-cyicis—Hg, Wheren = 8, 10, 12. The close_ agreement
for SAMs of alkanethiols, HS(Chh_1CHs (n = 8, 10, 12, 14, between theseé—V curves supports the cqnclusmn that the
16), oligophenylene thiols, HS(RH) (k = 1, 2, 3), and benzylic amount of current fIOW|.ng across the junction depends on the
homologues of the oligophenylene thiols, HSQPh),H (m = thickness of the organic fllmsls,andwmhed bgtween the elec-
1, 2, 3). From these plots, we make three observations: (i) the trodes, and seems to be insensitive to the location of the interface
shapeof the |-V curves is the same for,C(Ph)H, and CH- bet_yveen them. ) ) )
(Ph).H: (ii) the current density measured for SAMs of the same (1)) Roughness of the Silver Film.The roughness of thin
thickness follows the order (Rl > CHx(Ph}H > C,, (Table evap_orated fllms_ of metal varies aBprOX|mater as a constant
2): and (iii) the magnitude of the current density depends on fraction of the thickness of the fil#f” Although we ex_pected
the thickness of the monolayers within a common series of Ag—Cio SAMs supported on Ag that was 100 nm thick to be
compounds. Across this series of junctions, the current density SMoother than those on Ag that was 200 nm thick, Ith¥/
changes over approximately 8 orders of magnitude. The ability SUTVes for the _dlfferentjunctlons were not significantly different.
to generate, easily and using the same experimental system, g NiS observation suggests that the surface of the SAM-coated
series of junctions incorporating a range of structures and Hg electrode is sufficiently compliant to conform to the surface

supporting a range of current densities is a strength of this ©f the SAM on Ag. o .
system. (i) Area of Contact. For a given junction, the current density

(b) Parametric Sensitivities of Current Density. We gwcreasedhas the area of ccf)ntalctl!ncrea_srid, although tLle rellatlon
examined the sensitivity of the-V measurements to a variety ~°ctWeen them was not perfectly linear. The scatter in the values

of preparatory conditions. The details of these experiments areOf current dgnsﬁy calculatgd for each area was representatwe
given in the Supporting Information. We outline the most of the experimental uncertainty that we observe for independent

important results of these studies in the following sections. measurements di-V curves. To minimize errors assoc_|ated
(i) Location of the van der Waals Interface.We sought to with measurements of the area of contact, we used a microma-
confirm that thel —V curves for the different junctions did not nipulator to bring the two SAM-coated electrodes into contact,

depend on the physical location of the interface between SAM(1)  (107) Ulman, A.Chem. Re. 1996 96, 1533-1554.
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Bias Voltage (V) Figure 6. Plot of current as a function of time for a junction with the
Figure 5. Plots of threel—V curves obtained for a single junction  structure d;—c,qic,s-Hg- The first data set in the figur®j was measured
with structure dy—c,yic,s-Hg- Each curve was recorded from 0to 1 V. by increasing the bias on the junction from 0 to 0.5 V over 40 s. The
The junction broke down mechanically when the bias was applied to second data se#®) was taken using the same procedure on the same
collect a fourth curve. junction approximately 20 min later. During the 20 min period between
these measurements the bias on the junction was hé&l&/gdata not

and used the same protocol for assembling each junction. Theshown).
area of contact for all other junctions in this work ranged from
1.5x 10-3to 3 x 103 cn¥; this range showed the least amount junction. The junction was assembled, and the first curve was
of scatter. recorded by increasing the voltage from 0 to 1 V. The bias was

(iv) Solvent. We assembled ad-c,yic,s—Hg junctions in a then returneda O V and another curve obtained by increasing
variety of different solvents and compared the current density the voltage to 1 V. This process was repeated to obtain the third
across them to that observed with hexadecane as the solventcurve. The junction failed mechanically when we attempted to
The current density across junctions formed in hydrocarbon collect a fourth curve. The figure shows that the magnitude of
solvents of differing structureisooctane, hexane, and toluene  the current is effectively indistinguishable for the three curves.
was essentially indistinguishable from that across junctions These observations suggest that the range in current density
formed in hexadecane. This observation suggests that the solven@bserved for different junctions with the same composition
does not disrupt the structure of the SAMs even if the solvent reflects variations in their composition. We believe that these
is intercalating in defect sites. variations are mostly due to uncertainties in the measured areas

(v) Purity of Thiol and Preparation of SAMs. To form of contact.
aliphatic SAMs, we use commercially available alkanethiols We tested the temporal stability of agdc,gicie-Hg junction
without purifying them. Because these thiols may contain by ramping the bias voltage to a setpoint and then holding the
disulfides, we tested SAMs formed from solutions of thiol with bias fixed for a period of time while measuring the current
a known ratio of thiol to disulfide. The presence of the disulfide (Figure 6). We then repeated the process several times on the
did not affect the current density. same junction. We tested three independent junctions to verify

(c) Net Reproducibility. We have established the reproduc- the reproducibility of the data. We observed that the current
ibility of four different aspects of these junctions: (i) the fraction increases by less than a factor of 4 over time scales of hundreds
of a group of junctions that are functional; (i) the experimental ©Of seconds during the first application of voltage. On subsequent
uncertainty of —V curves obtained for a statistically significant ~constant voltage measurements, the current is more stable, but
number of independent junctions with identical configurations; S larger than that observed during the first time measurement
(iii) the reproducibility of thel —V curve obtained from a single ~ (less than a factor of 4 higher for the three separate junctions

junction; and (iv) the temporal stability of the current at a tested). These changes were small relative to the range of
constant potential. currents measured ove 1 V range for the junctions that we

Out of a group of 30 independenxglclollcleiHg junctions tested. These data differ from the work of Ma]da where a Iarge

formed from 30 different Hg-SAM electrodes and 6 different Current jump was observed over a similar time period in a Hg-
Ag-SAM electrodes (each Ag-SAM electrode had enough room SAM/SAM-Hg junction!% Our data show that the current
to accommodate about five different contact areas), 21 of them Mmeasured in our junction is stable to repeated measurements
were functional and yieldet-V curves. Five of the junctions  Over a period of at least 1 h. _ _
were mechanically stable but exhibited currents that were in _ (d) Distance Dependence of Current Density in
the range of mA, suggesting that there was a short distanceJag-samayicis—Hg Junctions. Using thiols with different lengths
between the two electrodes. Four of the junctions broke down and molecular structures, we fabricated a series of junctions in
mechanically immediately after a voltage was applied. There- Which the distance separating the Ag and Hg electrodes varied
fore, 70% of the junctions in this group were functional. This Systematically. Figure 7 plots the current density (bia8.5
fraction is substantially greater than that reported (24%) for V) on a logarithmic scale against the separation of the electrodes,
junctions with upper electrodes that were fabricated by metal dagHg for junctions with aliphatic SAMs on Ag and junctions
vapor depositiof§? with a}romatic SAMs on Ag. We estimatathg g by adding

The range from the lowest to highest value (at a particular the thicknesses of the SAM on Ag and of the SAM on Hg (see
bias voltage) of the current density measured across the 21Experimental Section for details). For bias potentials over the
independenta}—c,yic,sHg junctions was approximately a factor ~ range of 0.1 to 1V, the current density decreased with increasing
of 10. The magnitude of the standard deviations from the JagHg @ccording to the relation in eq 6. This observation of an
average current density were approximateh5% of the exponential decrease in current with distance is consistent with

average current density for each bias voltage. Figure 5 shows (108) Slowinski, K.: Majda, MJ. Electroanal. Chem200Q 491, 139
threel—V curves that were measured for the same & yic,e-Hg 147.
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directly with that reported here, Majda fouriid= 0.8 + 0.1
A-1for alkanethiols in Jy-samisam-Hg-2° The agreement among
these several values gfsuggests that the mechanism of charge
transport in these solid-state junctions is closely related to the
mechanism of electron transfer in soluble molecular systems,
and between solid electrodes and soluble molecules in electro-
chemical systems.

correspond to computer-generated, linear least squares fits of the natural  The values of3 for aromatic and aliphatic SAMs did not

log of current density to I8 = —fdagng + In(lo). The error ing is
~0.1 A1, (B) Schematic representation of junctions formed from the
three classes of thiols.

a mechanism for electron transport in which the current flowing
across the junction is due to tunneliffg?7.104
| = 1,8 "hars (6) (6)
Since current in a tunneling junction is proportional to the
probability of tunneling, the current flowing through
Jag-sam@yisame)-Hg €an be expressed as the product of the
probability of tunneling through each SAR® separately. Thus,
current densitylj can be expressed with eq 7 whei@) and
A(2) are the attenuation factors characteristic of the molecules
forming SAM(1) and SAM(2), andlsam(z) anddsam) are the
thicknesses of the two SAMs. Because SAM(2) is a constant
component of these junctions,#)%ave is a constanty), so

| is given by eq 8; this analysis assumes that any scattering at

the interfaces between SAM(1) and SAM(2) is constant for
SAM(1) formed from aliphatic thiols and SAM(1) formed from
aromatic thiols. The slopes of the lines in Figure 6 therefore
give the attenuation factor for the molecules forming SAM(1)
on Ag.

| = |o[efﬁ(l)dSAM(l)][e*ﬁ(Z)dSAM(Z)]

()
(8)

Figure 8 plots the values @fas a function of voltage for the
three different SAMs on Ag. These values f®fare in good

| = |0ye*ﬁ(1)dSAM(1) (8)

change significantly over the range of 0 to 1 V. Majda also
found that values off measured inw}-samisam-Hg junctions
did not change significantly over the same voltage raide.
an electrochemical system, Becka and Mflereported that
values off3 for electron transport through aliphatic SAMs on
Au changed by<10% over a range of overpontentials that
differed by more than 1 V; they concluded that the tunneling
barrier was effectively independent of voltage over this range.
Figure 7 also summarizes an analysis that establishes the
internal consistency of the data for the three sets of junctions,
JAg—S(CHy)n1CHy/IC15—Hgr Jag—(Ph)HIIC16—Hg: @ND dg—CHy(Ph)HICs6—Hg-
We extrapolated plots of current density agaihgtg for each
of the three junctions to their intersection points. These points
should, in principle, reflect values ag g for hypothetical
junctions with the same composition: (i) a junction with no
contribution from an organic monolayer on silver, that is,
Jagiici—Hg (dagHg = 2.34 nm), or (ii) junctions in which the
organic groups on silver had been removed, and only theR\g
bond and the van der Waals radius of the terminal methyl group
or hydrogen atom remained, that iSagJshice—Hg OF
Jag-scryicis—Hg (dagHg = 2.6—2.8 nm). The difference between
2.34 and 2.62.8 nm, 0.3-0.5 nm, is a reasonable value for an
aggregate contribution to the thickness from the-&gbond,
the S-C bond, and the van der Waals radii of the terminal
groups. The intersection region in Figure 7 occurs comfortably
within this region. The consistency of our data for the three
sets of organic compounds suggests that they are giving directly
comparable data.
(e) Fitting I—=V Curves with a Modified Model for
Tunneling through a Rectangular Barrier. The determination
of a detailed mechanism for electron transport is a difficult

agreement with corresponding values obtained by photoinducedproblem. In the absence of variable-temperature data, we do

electron transfer in molecular EB—A system3~12 and by
electron transfer between a solid electrode and redox-active
species in solution (Table #j-44In work that can be compared

(109) Weiss, P. S.; Bumm, L. A.; Dunbar, T. D.; Burgin, T. P.; Tour, J.
M.; Allara, D. L. Ann. N.Y. Acad. Scll998852, 145-177.

not have the information that is required to separate out many
possible mechanisms. We would, however, like to have a model
that would allow us to fit three of the characteristics of the
tunneling currents we have measured: (i) the shape dfthe
curve; (i) the magnitude of the attenuation facfyrand (iii)
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the voltage dependence gfover the range of 0:21 V. We

started our analysis using the simplest physical model available,
that is, a structureless, one-dimensional rectangular barrier. This

model is expressed by eq 9 (taking= 1).51.93.94We conclude
that this model ismiotcompatible with the data, but it is important
to describe the evidence leading to that conclusion.

| :Coﬁd,z{(e%_%/) «

h

1/2
expg — @ a(e¢>0 + %/)llzd]} 9)
2(2m 1/2
L e (10)
_pn LV
¢0 - sze + 2 (11)

This equation expresses current densitfin A/cm?) due to
electron tunneling through a barrier of height(in Volts) as a
function of applied voltageV (in Volts; Cp is a unitless
preexponential factom is the rest mass of an electron (in kg),
A is Planck’s constant (in J s) divided byr2e is the charge of
an electron (in Coulombs, is a unitless adjustable parameter
used in fitting, andd is the tunneling distance (in nd is the
tunneling distance in cm)). The assumptions underlying this
model are the following: (i) the height of the barrier is constant
over the entire tunneling distance, i.e. the barrier is rectangular
(i) the dielectric constant of the medium composing the barrier
is uniform and does not affect the shape of the barrier; (iii) the
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Figure 9. Plots comparing average current density observed for a

current density is independent of temperature; and (iv) the heightiunction with structure a}-cigic,s-+g (OPeN symbols) to current density

and width of the barrier are independent of image potential.

The exponential terms in eq 9 provide a relation between the

attenuation factop, ¢o, andV (eq 10). Solving eq 10 fogpo
provides a relation from which to calculagg from observed
values of3 (eq 11). To determine whether this model was

calculated (solid lines) with eq 9 in the text; the parameters used in
the calculation of the different curves are indicated on the plots. In

part B the values of, and C, and in part C the values af, anda

were obtained by nonlinear least-squares fitting of the 21 independent
1=V curves plotted in Figure 8A to eq 9.

compatible with our results we compared several characteristics  gjyen the incompatibility of these calculations with the

of these equations to experimenitalV curves using the junction
with structure dq-c,yic,s-Hg @and to values of as a function of
bias potential.

(i) Estimating ¢0 from Experimental # and Calculated
| =V Curves with Equation 9 (a. = 1). Using eq 11 and the
value of 3 = 0.83 A1 (at 0.1 V) we estimated the height of a
hypothetical rectangular barrier to bg= 0.67 V. This barrier
height is substantially lower than that expected if the Fermi level
of the silver electrode lies halfway between the HOMO and
LUMO of the aliphatic chaif1®Using these derived parameters,
neither thd —V curve calculated using eq 10 (Figure 9) nor the
voltage dependence @i fit the experimental results.

Nonlinear Least-Squares Fitting of Equation 9 ot = 1) to
an Experimental |-V Curve. We have also used nonlinear
least-squares fitting to fit eq 9 to the obserdeeV curve by
allowing ¢o andCy to vary. This method fits the observde-V
curve with ¢o = 5.3V (Figure 9), but produces a value pf
(~2.3 A1) that is substantially larger than that of the observed
values (~0.9 A-1). For this reason, we do not believe that the
derived value of the barrier height is reasonable.

(110) The HOMO-LUMO gap for polyethylene, measured by photo-
emission spectroscopy, is approximately 8 eV (Fujihara, M.; Inokuchi, H.
Chem. Phys. Letll972 17, 554-557). This value suggests that the barrier
height should be-4 eV for aliphatic SAMs.

observed results, it seems that the rectangular barrier model does
not fit our data. Others have used the rectangular barrier model
to analyze tunneling in molecular systems and in junctions.
Becka and Mille’® using data from electrochemical measure-
ments, and Majd&) using data fromul-samisam—Hg junctions,
used eq 11 to calculate tunneling barrier heights from measured
values of the attenuation fact@r Their values of = 0.8—0.9
A-lyielded barrier heights of1.2 eV; this value is inconsistent
with their observations that the values ffthey measured
changed by<10% over a range of bias potentials ofL V.
These authors also concluded that the rectangular barrier model
was not compatible with their observations. They did not
propose an alternative. Only Mann and Kuhn found good
agreement of their experimental data with this mddel.

(iii) Modifying the Rectangular Barrier Model To Provide
a Model Compatible with Experiment. The |-V data calcu-
lated using a model of tunneling through an unstructured
rectangular barrier do not fit our results or those reported by
others. This disagreement is not surprising: the model is the
simplest possible, and in real systems the barrier has molecular
structure, is three-dimensional, and is never rectangilé?.
As a simple, adjustable fitting parameter, we introduoeih
the exponential terms of eq 8 to modify the energy term. This
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correction factor has been used previously by Héfand Conclusions
Simmong® to modify the rectangular barrier to examine

tunneling through parabolic barriers as approximations of the . .
as a new experimental system for measuring rates of electron

effect of image potentiai ) . oo
. . . transport across a variety of thin organic films. The values of
We again used a nonlinear least-squares method to fit eq 9o attenuation factop for polyalkyl, 5 = 0.8-0.9, and

(o = 1) to an observed—V curve; here, the preexponential 4y nhenyl chaingd = 0.5-0.7 A-L, are similar to those found
factor forCo~1 was fixed at 1, andgo i"da were aIIo_wed 0 forthese structures when used as molecular bridges-iB-DA
vary. This analysis yielded values ¢§ = 2.1 V anda. = 0.62. systems. These results strongly suggest that both aliphatic and

Thel=V curve calculated from these parameters was in good gromatic compounds do not show strong electronic interaction
agreement with the observedV curve (Figure 9C}!° A value among the chains organized into SAMs.

of ¢o = 2.1V is compatible with a barrier composed of aliphatic
thiols in the junction if the Fermi level of the electrode is nearly

We have described a metebAM—metal junction that serves

Our studies of these junctions has revealed several charac-
teristics. From the observations that current density decreases
halfway between the HOMO and LUMO of the alkane CH&” exponentially with the distance separating the electrodes and
and it is similar to barrier heights (obtained by variable- it it depends exponentially on the square root of the applied
temperature experiments) for tunneling through fatty atids. potential (eq 9), we conclude that the mechanism of transport
Introducing these values @b anda. into eq 10 yielded values s syperexchange tunneling. This result is that expected based
of ﬁlz 0.9 A1, t.hIS value does not change as a function of gp prior work48619293.112The system does not seem to be
applied voltage, in agreement with the experimental data.  strongly influenced by the conditions used to prepare the SAMs

The physical interpretation @f is open: we favor attributing  or by the roughness of the solid silver film supporting the SAM.
the role ofa to the presence of a heterogeneous, nonrectangularThe van der Waals interface between the SAM on Hg and the
barrier As we have used ito. provides a way of relating ~SAM on Ag does not represent an insurmountable barrier to
nonrectangular barriers to a functional form for rectangular ones. tunneling and its relative location between the electrodes does
The value ofo. does not, by itself, provide useful information not have a significant effect on the magnitude of the current
about the structure of the barrier or the tunneling trajectory. A density. The absolute magnitude of the current density in these
new theoretical model that incorporates molecular structure into junctions is in agreement with the Hg-SAM//SAM-Hg junctions
the tunneling barrier is now under stutly. described by Majda; it is substantially higher (at the values of

(f) Mechanism Responsible for Current.Electron tunneling ~ J4sHg We have examined) than the current density flowing across
in meta-SAM—metal junctions depends strongly on the junctions having B films on AI/AI 203 that were described
position of the Fermi level of the metal electrodes relative to PY Mann and Kuhn. We have fit tHe-V curves using a model

the HOMO and LUMO of the molecular brid§&1%°When the derived for tunneling through a rectangular barrier that was

difference in energy between the Fermi level and the LUMO is modified empirically to allow for deviations from rectangularity

large, electron transport occurs by superexchange tunneling: thapy int_roducing an exppnential term (eq 9). Although the
g P y SUup g 9 magnitude ofo. that we infer ¢t ~0.6) seems reasonable for a

is, tunneling that is mediated by interactions between donor and . i i )
9 y parabolic-shaped barrier based on estimates of this fétior,

acceptor and unoccupied orbitals of the organic material cannot be interpreted uniquely in terms of structure in a barrier
i 7,109 i .
separating therff.1If the Fermi level approaches the energy We conclude from this fitting that, at minimum, a successful

of the molecular orbitals of the bridge, the mechanism of . .
- . ) treatment of tunneling must assume a barrier more complex than
transport is resonant tunneling: that is, the electrons actually : ional | b
. 1ph logicallv. th Wo i an unstructured, two-dimensional, rectangular batterA
populate the bridgé" Phenomenologically, these two tunneling model that incorporates the molecular structure of the SAMs is

regimes differ In the dependence gf the gurrenton dlstanc_e andunder analysis to interpret our data both qualitatively and
applied potential. Superexchaig®’ predicts an exponential quantitatively!16

decrea_se in current Withrfgistance; resonant tunneling predicts a These junctions have advantages and disadvantages relative
\l/)v:allfn(ilzﬁacvc;‘ﬁ]dg&zn%iltael:eorastu% ?Arlexzr,:::,gzl’sc:r:lzmir?:r%lgge to other systems as the basis for correlating rates of electron
Lo 9 W P . transport with molecular structure. Their advantages are the
exponentially; in the resona_nt regime, current should m(.:reasefollowing: (i) They are particularly easy to assemble and use.
's;?arfly, Zaprféosacﬂ"w ?hﬁ]'ihbi?nava?r];‘ze lx_VnClﬁ]rt\i/ﬁS Irr]ti n (ii) They support a range of organic structures. (iii) They are
gures < a show clearly the finear and exponentia portio Smechanically stable. (iv) They allow the collection of statistically
of the increase in current in response to the applied pOtent'al'significant numbers of measurements. (v) They allow (and

These re§ults are compatlbl_e W',th superexchange. Since Value"?equire) measurement of currents over small but significant areas
of /5 for aliphatic and aromatic thiols are independent of voltage (~1 mn?, or ~102 molecules) of contact, and thus average

over the range 0-1 V, we conclude that the mechanism of | 5iations in current due to boundaries between metal grains

elect(reggnGOtranSport is also !ndependent of volltage over tlhlS and organic domains, differences in local structure of the SAM,
range>® and that the height of the tunneling barrier is  5nq small defects. (vi) They allow rates of electron transport to
significantly greater than 1 V. be measured over a wide range of values without changing
(111) Figure included in the Supporting Information instrumentation. (In this study, we measured current densities
(112) Tunneling Phenomena in SolidBurstein, E., Lundqvist, Eds.; over a range of approximately 8 orders of magn'tUde)' (vii) Th'ey
Plenum Press: New York, 1969. allow rates of electron transport to be correlated directly with
Eﬂig ?ﬁ'mﬁﬁR-?tKi;thhSt_e"z- Tecq- Pthy|51935 1li 4?8—4_94- wneli molecular structure, with at least some knowledge of the
e erect o € Image potential on an electron in a tunneling : H :
junction is to reduce the area of the potential barrier between the electrodesconforma’[Ion of the_E)rgamc molecule with respect to the §urface
by rounding off the corners and reducing the height and the width of the Of the electrode. (viii) The electrodes can be made of different
barrier94.112 metals (Ag, Au, Cu, Hg) and alloys. (ix) The junctions can
(115) The Supporting Information includes a discussion of the confidence probably be extended to systems other than thiols. The
intervals for the fitted—V curves. We find that the confidence integral is . . : AN
~10% of the fitted value at each applied potential. disadvantages of these junctions are .the following: (i) They
(116) V. Mujia and M. A. Ratner, personal communication. do not have the molecular level resolution that makes measure-
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ments using STXt and break junctior¥§>7 so informative. (ii) solution above the Ag-SAM. A tungsten wire protruding from the
They will not support measurements over a broad range of Teflon tip of the syringe plunger provided an electrical connection
temperatures. (iii) They probably cannot be developed into between the mercury electrode and an electrometer. The syringe
practically useful microelectronic components. suspending the mercury drop was held by a micromanipulator, and the
We propose that these junctions provide a useful new micromanipulator was used to bring the SAM-coated drop of mercury

experimental tool for investigations of electron transport across "© conact with the surface of the SAM on Ag. The contact areas
. L . . were determined by video microscopy: a video camera with xa 50
organic thin films. This system should be particularly valuable

. . ’ . . ; objective was used to image the junction and display the image on a
for physical organic studies, that is, for screening the electrical video monitor. The diameter of the circular area of interfacial contact

properties of a wide range of molecular structures for their ability petween the two organic films was estimated on the video screen with
to support electron transport. Its principal advantage is the calipers; this diameter was compared to the magnified diameter of the
simplicity with which it can be assembled and used. This syringe tip to estimate the real diameter of contaetv curves were

simplicity should allow these junctions to complement physics- measured with the electrodes attached to an electrometer (Keithley 617
based experimental methods that require difficult fabrication programmable electrometer). The electrometer was used to apply the

or complicated and expensive equipment. potential and to measure the current through the junction. The voltage
ramp was applied as a staircase function with steps of 50 mV and with
Experimental Section an interval of at leadss s between steps. These parameters were chosen

based on the estimated resistive-capacitive (RC) time constants of the

Materials. Alkanethiols (HS(CH)n-1CHs (n =8, 10, 12, 14, 16)),  jynctions Gyuncion~ 10-°F). The potential was increased in steps over
thiophenol (HS(Ph)H), and benzylthiol (HS@Rh)H) were purchased i, range of 0 to 1 V, or to the BDV.

from Aldrich or TCI and were used without further purification. We
prepared 4-biphenylthiol (HS(PH}), 4-methylene-biphenyithiol (HSGH
(PhyH), 4-triphenylthiol (HS(PhyH), and 4-methylene-triphenylthiol

i i i 18,119
(HSCHy(Ph)H) according to procedures described previodsly? the SAM on mercury generated from HS(GHCHs (CarHg: 2.34 nm)

Anhydrous ethanol (Pharmaco, 200 proof) was used to dissolve ; d usi lqoritfhth he alk hiol to b
alkanethiols, thiolphenol, and benzylthiol; the oligophenylene thiols was estimated using an algoritfinthat assumes the alkanethiol to be

were dissoved in anhydrous tetrahydrofuran (J. T. Baker). Electronic in the extended, aII-tran'_s conformati_on and oriented_ normal to the
grade mercury (99.9998%) was purchased from AlpBaution: mercury surfacé? To estimate the thickness of the aliphatic SAMs

Mercury is highly toxic if swallowed or if itsapors are inhaled. on silver, we used the algorithm employed for the Hg-SAMSs, but
Hexadecane was purchased from Aldrich. multiplied it by cos(12) = 0.98 to account for a tilt of 12from the

Fabrication. (a) SAMs. SAMs on silver were prepared by immersing normal for alkanethiols on silvéf! The resulting thicknesses are in
a freshly evaporated thin film of silver (Ag(111); 2000 A) in a solution  900d agggement with measurements of the capacitances of these
of the appropriate thiol (10 mM) in ethanol or THF. The SAMs were Junctions>® Aromatic SAMs are also kni)z\;vn to have a tilt angle of
allowed to form at room temperature over 24 h. The silver film was ~10° from the surface noraml on silvét: Fo.r the aromatic SAMs
prepared by thermal evaporation (Edwards Auto 306) of an adhesion ©N snlyer, we used a minimized structure (MM2_, Chem 3D) to determine
layer of chromium £50 A thick) onto a 3-in. Si/Si@wafer (Silicon the distance from the sulfur atom to the terminal hydrogen atom, and
Sense, test grade) followed by a layer of silve®000 A thick). After added the length of the AgS bond (0.23 nm); we assumed that in the
the evaporation chamber was filled with nitrogen gas, the metal film SAM, the thiol was oriented vertically with respect to the metal surface
was removed and immediately immersed in the solution of thiol; it and added an additional 0.1 nm to account for the van der Waals radius
was then transferred through air to the solution of thiol. The SAM- ©f the terminal hydrogen atom.
coated silver surfaces were removed from the solution of thiol, rinsed
with ethanol or THF, and dried under a stream of dry nitrogen. These ~ Acknowledgment. This work was supported by the ONR,
surfaces were then ready to be _incorporated ir_1t0 junctions. SAMs on DARPA, and the NSF (ECS-9729405). R.E.H. and M.L.C. thank
mercury were formed by extruding a drop of liquid mercury from a - the National Institutes of Health for postdoctoral fellowships
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on the drop of mercury, it was removed from the solution of thiol and
rinsed with ethanol or hexadecane; the SAM-coated mercury was then ) ) ) ) )
used to assemble the junction. Supporting Information Available: Experimental details

(b) Junctions. The junctions were assembled as described previ- Of control experiments, plots of curremoltage data, and a
ously®® a SAM-coated silver film was placed in a beaker and covered detailed discussion of the statistical analysis of the data (PDF).
with a solution of hexadecane containing the thiol used to form SAM-  This material is available free of charge via the Internet at
(2) (usually hexadecanethiol) at a concentration-afmM,; this thiol http://pubs.acs.org.
increases the stability of the juncti®hThe Ag-SAM was connected
electrically to an electrometer by an aligator clip in contact with the JA004055C
silver surface. The SAM-coated hanging mercury drop, supported by

a gastight syringe (1 mL; Hamilton), was immersed in the hexadecane  (120) Deutsch, M.; Magnussen, O. M.; Ocko, B. M.; Regan, M. J.;
Pershan, P. SThin Films (San Diegol998 24, 179-203.

We estimated the distances separating the metal surfaces in
Jng—sAmMyi)saM-Hg JUNCtions (g Ag) by adding the thickness of SAM(1)
on silver and the thickness of SAM(2) on mercury. The thickness of
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