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Abstract: This paper describes a new type of metalsulator-metal junction based on self-assembled
monolayers (SAMs). The junction consists of a drop of liquid mercury supporting a SAM, in contact with a
flat metal surface (N), also supporting a SAM: that is, a HEAM/SAM—M' junction. This junction is
stable, easy to assemble, and reproducible: it can generate areas of contact down to 9.@ithaum
photolithography. These properties suggest this junction as a useful “test bed” for experiments in molecular
electronics. The junction allowed measurements of electrical properties of SAMs on different metats: M

Ag, Au, Cu, and Hg. The work described here focused on the electrical breakdown voltage (BDV, the maximum
voltage sustained by the junction). The BDV depends 0i{BDVag = 3.2+ 0.5 V; BDVyg=3.1£ 0.4V,

BDVc, = 3.0+ 0.3 V; BDVa, = 1.5+ 0.2 V for SAMs formed from hexadecanethiol) and correlates with

the organizational parameters of the SAM or: Mt increases as the packing density increases and the tilt
angle decreases. The BDV also depends on the chain length of the alkanethiol forming the SAM for the same
metal surface (N). Alkanethiol SAMs on Ag having carbon chain lengths longer than C14 can sustain a
constant electrical field up to® 1 x 10° V/m. This value for the BDV is similar to that of bulk polyethylene.

A survey of SAMs with different chemical structures shows that the BDV correlates overall with the thickness
of the densely packed hydrocarbon portion of the SAM: aliphatic and aromatic SAMs of the same thickness
show similar BDVs.

Introduction of the Hg—SAM/SAM—Hg junction is similar and suggests that
organic monolayers may have electrical properties of substantial
interest in nanodevices.

h Alkanethiolate monolayers on gold have been extensively

studied at metal/solution interfaces by electrochemistiyiore

recently, silver, copper, and mercury have received focused
attention as the supporting metdlElectrochemical and imped-
ance measurements provide information about electron tunneling
across insulating SAM%the permeability of SAMs to ion5,

and the resistance and capacitance of SAK#hey do not

We have recently described a mercu&AM/SAM—mercury
junction (Hg—SAM/SAM—Hg) that is useful in the electrical
characterization of SAMs and that behaves as a capacitor wit
plates separated by a nanometer-thick diele&ffice procedure
used in the preparation and characterization of this system is
experimentally straightforward: two SAM-covered drops of
mercury are brought into contact, with the spacing between the
electrodes in the junction controlled by the dimensions of the
SAMs at values between 2 and 10 nm. The low conductivity

i — 15 O—1em-1
of alkanethiolate monolayersr (= 6 + 2 x 107> Q C_m (4) (a) Laibinis, P. E.; Palmer, B. J.; Lee, S.-W.; Jennings, G. K. The
for CH3(CHy)1sSH) makes them excellent as nanoscale insulators synthesis of Organothiols and their assembly into Monolayers on Gold. In
and dielectricg. Thin Films Academic Press: Boston, MA, 1998; Vol. 24, pp4l. (b)

The development of ultrathin insulators and dielectrics having lé(')ngg; Amﬁ” l'gg‘;d“‘:t'on to Ultrathin Organic FilmsAcademic Press:

high stability against electrical breakdown is an important  (5) (a) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides,
problem in nanoelectroniésin terms of energy storage, the G. M.; Nuzzo, R. GJ. Am. Chem. S0d.989 111, 321-335. (b) Laibinis,

; i limi ; ; P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh, A. N.; Nuzzo,
performance of a capaC|tor'|s limited by the d|elec_tr|c constant - G J. Am. Chem. Sod991 113 7152-7167. (c) Uman, AChem.
and the breakdown voltage: the latter limits the thinness of the re, 1996 96, 1533-1554. (d) Forouzan, F.; Bard, A. J.; Mirkin, M. V.

dielectric layer that can be used. In commercial thin-film Isr. J. Chem1997 37, 155-163.

capacitors, the two electrode surfaces are usually separated byr f_ﬁ) () Zhal%g‘/(‘i’- 122 gégg/lélW.é)WJurm,.D. B.;(BBrIi<tt§1i[l, % T 'ngv!Y-
polymer films of micrometer thickness; typical films can sustain -~ Coen Sod997 116, 520}'5(21)4_8(2;1335(:’%& D W Ul R

voltages up to 1000 V (values corresponding to an electrical Stevenson, K. J.; Harries, J. M.: White, H. 8.Am. Chem. Sod.998

field at breakdown of-8 x 10° V/m).3 The electrical strength 120 1062-1069. (d) Jennings, G. K.; Munro, J. C.; Yong, T.-H.; Laibinis,
P. E.Langmuir1998 14, 6130-6139.

T Harvard University. (7) (@) Demoz, A.; Harrison, D. Langmuir1993 9, 1046-1050. (b)
* Universitadi Ferrara Bruckner-Lea, C.; Kimmel, R. J.; Janata, J.; Conroy, J. F. T.; Caldwell, K.
(1) Rampi, M. A.; Schueller, O. J. A.; Whitesides, G. Mppl. Phys. Electrochim. Actal995 40, 2897-2904. (c) Slowinski, K.; Chamberlain,
Lett. 1998 72, 1781-1783. R. V.; Bilewicz R.; Majda, M.J. Am. Chem. S0d.996 118 4709-4710.
(2) Ratner, M. A.; Jortner, Molecular ElectronicsBlackwell Science (d) Muskal, N.; Turyan, |.; Mandler, DJ. Electroanal. Chem1996 409,
Ltd: London, U.K., 1997. 131-136. (e) Slowinski, K.; Chamberlain, R. V.; Miller, C. J.; Majda, M.
(3) Thielen, A.; Niezette, J.; Feyder, G.; Vanderschuereh,Appl. Phys. J. Am. Chem. S0d.997, 119 119106-11919. (f) Mitchell, M.; Stevenson,
Lett. 1994 76, 4689-4695. K. J.; White, H. SJ. Phys. Chem. B998 102, 1235-1240.

10.1021/ja990230h CCC: $18.00 © 1999 American Chemical Society
Published on Web 08/14/1999



7896 J. Am. Chem. Soc., Vol. 121, No. 34, 1999 Haag et al.

provide the information about the electrical properties and et al. have built a junction that sandwiches a SAM of dithiol
mechanical stability of SAMs as dielectric materials that would between an Au surface and colloidal Au particlesSTM
be required to evaluate their potential for small electrical imaging, in combination with electrical measurements, has been
devices? It has not been obvious how to bring two metal interpreted as having detected and characterized single aromatic
surfaces supporting SAMs together to study these properties:molecules protruding from the alkanethiolate SAMS These
contact between two solid metal surfaces supporting SAMs results were also interpreted in terms of a model involving
results in damage to the SAMs and in electrical shorting. electrical current passing through a single organic molecule, “a
Characterization and control of the topography of the contact molecular wire”. A third type of junction has also been
region in these systems are not practical. demonstrated by Reed et al.: the tips of a fractured gold wire
Metal—-insulator-metal junctions incorporating Langmtir  (a “break junction”) have been used as two nanoelectrodes in a
Blodgett (LB) films have been fabricated since the 1970s to junction, and this system has also been used to study single

measure the electrical properties of these films; in these aromatic dithiol molecules localized between these electrodes,
junctions, the second electrode (aluminum) was evaporatedseparated by-1 nm?27

through a mask on top of the LB film, which was, in turn,
supported on a metal electrotfeMann and Kuhn used Hg, Al,
Pb, and Au in contact with films of fatty acids physisorbed on
Al to study conductivity through the organic film& A similar
system has been used recently to measure the insulatin
properties of alkylsiloxane SAMs on the surface of doped
silicon!! Since these systems have formed one electrode in the

junction by evaporation of a metal on the LB film or SAM: existing ones. Ideally these methods should be simple enough

the nature of the interaction of the highly reactive, condensing to b dil ble to chemist iallv th int red
metal atoms and the organic molecules is an important subject_0 € reaclily accessibie to chemists, especially those intereste

for understanding the structure of these junctions but one that'" combining synthesi§ and 'electrical measur'emenF to generate
has not been studied in any detail. The methods of fabrication structu_r eprope_rty relationships. In all system_s mvolymg macro-

used in generating these metaisulatormetal junctions and microscopic (as.opposed to'nanoscoplc) solid electrodes,
frequently generate systems having electrical shorts and required€f€Cts or changes in topology in the metal surface seem to

the preparation and measurement of large numbers of sample&!lOW enough metatmetal contact, even when the metals are
to produce reliable data. ostensibly covered by SAMs, to cause electrical shorting.

Metal—insulator-metal junctions have also been assembled Junctions connecting two liquid metals (that is, the-+gAM/
by deposition of silver paint on top of a gold-SAM surface; a SAM—Hg junctiort) are limited in their compatibility with
breakdown voltagef® V (0.4 GV/m) has been reported for an ~ changes in the properties of the metal and in the SAMs they
octadecanethiolate monolay@rThis system, although simple, sup_por% and have obvious limitations in their relevance to
is also not well characterized. The silver paint, which contains devices.
both a solvent and polymer, might contribute to the insulating  To develop a system that would be sufficiently simple and
characteristics of the system. More recently, Reed at al. haveexperimentally flexible to allow screening of the electrical
assembled a nanofabricated junction to measure electricalproperties of SAMs having a range of structures and properties,
properties of SAMs (and molecules included in them) in which we required a stable and easily assembled m&aAM/SAM—
e-beam lithography defined a small contact are@d0 nn?).13 metal junction. The immediate application of this junction would
The second metal surface of the junction was formed by be to provide an electrical “test-bed” for SAMs and a system
evaporation of titanium onto a SAM, followed by gold; the with which to examine organic molecules and functional groups
potential for reactivity of the titanium toward the organic embedded in these SAMs. We have settled on the SiyM/
components of the system introduces a substantial level of SAM—metal system for this work. The advantage to the use of
complexity into this system. In recent years, STM tips have mercury as one electrode is that it readily forms SAMs and that
been used extensively as the second metal surface to buildit is a liquid at room temperature. SAMs of alkanethiols on
tunnel junctions that can be considered me&AM—metal mercury have been well characterized structuratf2°A liquid
junctions#~16 With this system, several grous* have Hg surface supporting a SAM is compliant and can conform to
measured what were interpreted to be the electrical propertiesthe topography of a solid surface with which it is brought in
of single molecules of aromatic thiols and alkanethiols. Kubiak contact; this ability to conform minimizes the effects of

(8) (@) Chidsey, C. E. DSciencel991, 251, 919. (b) Smalley, J. F.; irregularities of the solid surface on the structure of the SAM

Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; Newton, M. D.; Liu, inimi i i i i
VP, 3 Phys. Chemlo0a 99, 13141-13149. and also minimizes the potential for shorting (Figure 1). This

None of these methods for studying the electrical properties
of SAM is ideal (nor, for that matter, is the method reported
here). Several require complicated fabrication using sophisticated
apparatus, and many of them generate information whose

g%nterpretation rests on assumptions. The probability of failure
of even the simplest of them due to electrical shorting is high.
It is therefore useful to have new methods that complement these

(9) Collet, J.; Vuillaume, DAppl. Phys. Lett1998 73, 2681-2683. system also, of course, has ambiguities, for example: (i) mercury
(10) (a) Petty, M. CLangmuir-Blodgett Films Cambridge University
Press: Cambridge, MA, 1996; pp 13166. (b) Mann, B.; Kuhn, HJ. (15) Andres, R. P.; Bei, T.; Dorogi, M.; Feng, S.; Henderson, J. |;
Appl. Phys.1971, 42, 4398-4405. Kubiak, C. P.; Mahoney, W.; Osifchin, R. G.; Reifenberger,3ience
(11) (a) Fontaine, P.; Goguenheim, D.; Deresmes, D.; Vuillaume, D.; 1996 272 1323-1325.
Garet, M.; Rondelez, FAppl. Phys. Lett1993 62, 2256-2258. (b) Boulas, (16) (a) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin,
C.; Davidovits, J. V.; Rondelez, F.; Vuillaume, Blicroelectron. Eng1995 T. P.,; Jones, L., II; Allara, D. L.; Tour, J. M.; Weiss, P. Sciencel996
28, 217-220. (c) Vuillaume, D.; Boulas, C.; Collet, J.; Davidovits, J. V.; 271, 1705-1707. (b) Cygan, M. T.; Dunbar, T. D.; Arnold, J. J.; Bumm,
Rondelez, FAppl. Phys. Lett1996 69, 1646-1648. L. A.; Shedlock, N. F.; Burgin, T. P.; Jones, L., Il; Allara, D. L.; Tour, J.
(12) Baker, M. V.; Landau, JAust. J. Chem1995 48, 1201-1211. M.; Weiss, P. SJ. Am. Chem. S0d.998 120, 2721-2732.
(13) Zhou, C.; Deshpande, M. R.; Reed, M. A.; Jones, L., II; Tour, J. (17) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. M.
M. Appl. Phys. Lett1997 71, 611-613. Sciencel997, 278 252-254.
(14) (a) Dhirani, A.-A.; Zehner, R.; Hsung, R. P.; Guyot-Sionnest, P.; (18) Magnussen, O. M.; Ocko, B. M.; Deutsch, M.; Regan, M. J;
Sita, L. R.J. Am. Chem. S0d.996 118 3319-3320. (b) Dhirani, A.-A.; Pershan, P. S.; Abernathy, D.; Gruebel, G.; Legrand, Nefure 1996

Lin, P. H.; Guyot-Sionnest, P.; Zehner, R. W.; Sita, L.JRChem. Phys. 384, 250-252.
1997 106, 5249-5253. (c) Sachs, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, (19) Brucker-Lea, C.; Janata, J.; Conroy, J.; Pungor, A.; Caldwell, K.
L. R. J. Am. Chem. S0d.997 119 10563-10564. Langmuir1993 9, 3612-3617.
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Scheme 1.lllustration of the Assembly of the HgSAM/
SAM—M' Junction and the System Used for the
Measurement of Breakdown Voltages (BDYSs)
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Figure 1. Schematic representation of the topography of the interface
in the Hg—SAM/SAM—M' junction. The liquid mercury SAM surface l 1] Fioeres bt o i ot
T B ol s g L B TR T

comes into conformal contact with the "MSAM surface. It is
energetically unfavorable for it to conform to abrupt changes in the
topography of M. The ability of the Hg-SAM/SAM—M' junction to
come into uniformly atomic contact is not clear, and there are probably
small pockets of solvent (here ethanol) left at the interface.
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itself has a very high surface tensigrp .c = 480 mN/m)2ob
and it is energetically unfavorable for it to conform to abrupt
changes in the topography of'MAlthough the Hg-SAM
surface will have a much lower surface tension than clean Hg,
the ability of the Hg-SAM/SAM—M' to come into uniformly
atomic contact with a metal surface having steps and defects is
not known. If the surfaces do not come into uniform atomic
contact, there may be small pockets of solvent left at the
interface between them (Figure 1). (ii) Mercury is volatile and
adsorbs on and amalgamates with gold, silver, and ccjdgeér.
The influence of the diffusion of mercury across the SAM
bilayer is not known, nor is it necessarily obvious whether a
small amount of diffusion/amalgamation would have a signifi-
cant influence on electrical properties of the junction. (iii)
Bringing a Hg—SAM system into contact with a solid surface aThe photographs illustrate the following: (a) the two metal surfaces,
may involve some local distortions in the SAM, with unknown covered with a SAM of hexadecanethiol but not yet in contact; (b) the
influence on its properties. (iv) An applied electrical field tWwo meta-SAM surfaces after being brought in contact using a
charges the mercury and the other metal surface and causes theffj/¢romanipulator (the contact area was monitored by a video camera
to attract one another; this attraction compresses the SAMsgsmg a 56« objective); and (c) the two electrodes after electrical

h ! ' > "">preakdown of the junction, an accompanying simultaneous mechanical
substantially (we estimate the pressure later in this paper), with preakdown of the mercury drop with amalgam formation. For the
unknown consequences for their structures. (v) Visual estimates,measurement of the BDV, the two halves of the junction are connected
even with magnification, of the contact area may be inaccurate. to the ?(:?p_uterfontm"e% POtter)tiOSt]fit in tWCtJ-_el‘fﬁtrOde mm%flite- At the

P : - ; BDV of the junction, an abrupt rise of current in the currendltage
de;r/(r;ﬁ)spemzrtb:)%ual.tli% gztnvl\;vsltminl\ilr}%’ng%nbafﬁdamﬁ the gurve occurs and the drop of mercury_spreads (withinr-QdO s,
: ] § . epending on the length of the alkanethiol).

us (i) to study the electrical properties, especially the BDV, of

the SAM/SAM junction on different metals; (ii) to exploit the o gold by exposure of a film of gold to a solution of alkanethiol
pos_3|_b_|I|ty of changing the st_ructur_e of the SAM with greater using conventional procedures, then exposing the-BaM
flexibility than would be possible with a HgSAM/SAM—Hg surface to mercury vapor, and finally re-exposing the system
junction to infer structureproperty relationships; (iii) to pattern 14 the solution of the alkanethiol. Although the details of the
the SAM on M (using soft lithography¥ at the submicron scale;  changes occurring during this process are still being elaborated,
(iv) to study local variations in conductivity or BDV on a single generates a SAM with a higher lateral density of organic
wafer; and (v) to investigate the properties of heterogeneous yglecules than does gold itself, and the SAMs on Au/Hg have
SAMs. an average tilt anglé; of ~11° (close to that of silver, and in
Design of the New JunctionScheme 1 shows the assembly contrast to the value of; ~30° for the analogous SAM on
of the Hg—~SAM/SAM—M' junction, where Mis the surface unmodified gold).
of an evaporated film of pure metal (Ag, Au, Cu), or the surface  The structure of an alkanethiolate SAM depends on the metal
of a heterogeneous metal system (Au/Hg). This last system (Au/that supports it. Table 1 summarizes the relevant structural

0T Vs LT
i e e

l 10 i i

I .

= 1 mm

Hg), described by Grunze et &t.is formed by preparing a SAM

(20) (a) Reynolds, C. LJ. Mater. Sci1978 13, 450. (b) Guminski, C.
J. Mater. Sci.1989 24, 3285-3288.

(21) Weast, R. C. EdCRC Handbook of Chemistry and Physi€RC
Press: Boca Raton, FL, 1987.

(22) Xia, Y.; Rogers, J. A.; Paul, K. E.; Whitesides, G. ®hem. Re.,
submitted for publication.

(23) Thome, T.; Himmelhaus, M.; Zharnikov, M.; Grunze, Mangmuir
199§ 14, 7435-7449.

parameters for SAMs on Ag, Au, Cu, and Hg surfaces: Hg
forms a liquidlike SAM with a tilt angle of); ~ 0°, while Ag
and Cu form crystalline-like SAMs that are densely packed and
that have small tilt angle®; ~10°;® Au forms the least densely
packed SAM, and has the largest tilt angle~30°.5

To assemble the HGSAM/SAM—M' junction (M = Ag,
Au, Au/Hg, Cu), we used a Hg drop with a diameter-et
mm (5-10 uL), hanging from a microsyringe, and a freshly
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Table 1. Selected Structural Parameters of Metalkanethiolate Table 2. Influence of Several Parameters on the BDV of the
Surfaces and Properties of the Underlying Metal Hg—DT/HDT—Ag Junction
metal supporting the SAM parameter BDV [V}
parameters Ag Au  Au/Hg Cu Hg standar8l - 3.24+0.5
R-R spacing [A] 45 50 a 4.7 4.75¢ solvent ;ﬁgﬁ;}'mle 33§ ég
tilt angle,6; of SAM [deg] 1F¢ 33%5¢ ~112% 126 08 glycerol 5.5+ 1.2
WF, ¢ [eV]P€ 474 531 a 494 4.49 hexadecane 2706
IP(l) [eV]bd 9.2 7.6 a 7.7 10.4 i-octane 2.6-0.3
mp [*C]° 962 1064 a 1083 —39 perfluorononane 6.4 1.10d
; : ter 25+ 0.7
aThe Au/Hg surface is hetergeneoliShese data were obtained . wa
from ref 21.Electron work function derived from photoelectric ~ €'€ctrolvte (1 mMin EtOH) FBC“(\':%Z'L igi 8?
measurements (crystallographic direction for single crystals of Ag, Au, Li3(:|o 134002
A prih ol Aot o e 4 . .
Cu: <111>). 9First ionization potential in the gas phase. NaOH 17402
electrolyte (1 mM in water) BiINOH 1.4+ 0.5
evaporated metal surface’ M5SAMs were formed on Hg and LiClO4 1.14+03
on the solid metal surface ‘Mollowing established proce-  measurement under J alzgon 2 ilg-i
7 i arkness 20.
dures: Thﬁ ?ercﬂrg—SAl\gé’X'&ace ]:Nas th‘?" brou_ght Into addition of powder in the interface of talcum powder 5-th0e !
CF’maCt with the solid met _Sur ace using a microma- the junction before assembly carbon black 0
nipulator (Scheme 1). The SAMs isolate the two metal surfaces preparation of the Ag-surface thermal 100 nm 29.2
electrically and chemically and thereby prevent amalgamation:  (evaporation method used) 200 nm 325
a clean Hg drop, brought into contact with a clean coinage metal :Ot?eram 200 nm Zé% 8~§
surface, immediately wets anql spr(_aads and then amalgamates, . i oioo ¢ LoTin the 0.1 mM HDT, 2 d 3205
The two electrodes of th_e junction were connected t0 @  preparation of the Ag-SAM 1.0 mM HDT, 2 d 3505
computer-controlled potentiostat (in two-electrode mode) for 10 mM HDT, 2 d 3.2+£0.5
|-V measurements. The junction is easily assembled and , _ 10mMHDT, 24h  3.2£0.5
concentration of HDTin the 1.0mM HDT, 5min 2.5 0.4

disassembled by moving the Hg drop in and out of contact with
the SAM-M surface using the micromanipulator. The contact

areas can be controlled over a range between 0.01 and 120 mMconcentration of HDTin the solvent

by changing the initial size of the Hg drop and by the pressure
applied to the drop by the micromanipulator when the metal
SAM surfaces are in contact.

Results and Discussion

1. The Junction. A. Fabrication. The SAMs on the solid
metal surfaces (Ag, Au, Au/Hg, Cu) were formed ove24 h
by exposure to a solution of alkanethiol in ethanol (10 mM).
The SAM on the Hg drop was formed in siters min to a 10
mM solution of alkanethiol in ethanol). Every junction was

preparation of the Hg-SAM 1.0mM HDT, 15 min 3#0.5

10 MM HDT,5min 3.2 0.5

1.0 MM HDT 3.205

surrounding the junction 10 mM HDT 3205
method of assemblty with potential: 1V 3.0£0.3
without potential 3.2£0.5

number of cycles from 0-2V at 0 3203
100 mV/s before BDV 10 3.+05
measurement 100 2.9+ 0.4
time the junction was in assembled 1 x5
before measurement (min) 10 3t00.6
100 2.7+ 04

2 The experimental uncertainties are based on the differences between

the maximum and minimum values of BDV obtained in five indepen-

dent measurements on the same wafer. Thus, for example+“8.8”
reflects the fact that the maximum and minimum values of BDV differed

assembled in the presence of a solvent containing alkanethiolpy 1.0 V. Unless otherwise indicated, the values were measured on a

(normally~10 mM). This procedure allowed the SAM to form
on mercury and increased the stability of the juncfibiwe
hypothesize that this stabilization reflects both the healing of
defects caused by the motion of the liquid surface and the
stabilization of the drop against vibration by viscous damping.
The contact area of the HSAM/SAM—Ag junction was

Hg—HDT/HDT—Ag junction (HDT = hexadecanethiol) having these

parameters: 22C on a open laboratory bench, sweep rate 1 V/s, Hg
positively biased in ethanol containing 10 mM hexadecanethiol, Ag
surface (200 nm, thermally evaporated), Ag-HDT and Hg-HDT SAMs

were formed in a 10 mM solution of hexadecanethiol in ethanol for 24

h (Ag) and 5 min (Hg)< This solvent does not dissolve substantial
concentrations of hexadecanethisll{ mM), and the junction was less

calculated on the basis of capacitance measurements with thd&eproducible than junctions made in other solvefitsor this junction,

junction immersed in thiol-containing solvent (see beléhe

a very low capacitance was measur€l< 0.1 nF,A = 0.5 mn¥),
suggesting a large distance between the two electrodes and the presence

performance of the junction was not sensitive to the speed atof a solvent layer in the interface (compare Figure3)e two surfaces

which the mercury drop was lowered (over a range from 0.1 to

are propped apart by the particles of the powd&he breakdown

1 mm/s), or to low levels of vibration in the room. We carried Voltage depends on the amount of talcum powder adde@T =

out preparations and measurements on a bench in the operlub1

laboratory, with no special precautions to avoid dust. Small

exadecanethiol; ethanolic solutidiThe Hg-SAM surface was
rought into contact with the HDFAg surface with and without a
potential between the two surfacé3he junction was cycled between

particles in the interface should, however, be avoided becausep and 2 V for the indicated number of cycles.

they can influence the breakdown voltage measurement (Table

2). The nature of the solvent influenced the characteristics of
the junction (see the following discussions). Stable junctions
are formed in more than 90% of attempts using alkanethiols
longer than C10. Junctions formed with shorter alkanethiols

The measurement of a breakdown voltage (BDV) can be
repeated on the same metal surface several times by generating
a fresh Hg-SAM drop and moving it laterally to a new spot
on the solid metal surface: by using ‘a®afer, it was possible

(<C9) are more sensitive than those with longer ones and mustto make~50 measurements of BDV ir8 h. To test if mercury

be assembled more carefuf.

(24) A M'—=SAM/Hg junction can also be formed but is less stable. We
will report studies of this junction separately.

(25) Short-chain alkanethiols (€E46) form mechanically stable junc-
tions but immediately breakdown when a small potential (10 mV) is applied.

diffusion across the junction influenced the BDV, we compared

values obtained immediately after the mercury drop had been

brought into contact with the SAMAg surface and after they
had been in contact for 10 and 100 min: there were no
significant differences between the values obtained (Table 2).
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Figure 2. Representative—V curves for the Hg-HDT/HDT—Ag
junction. Curves A and B showHV diagrams for the HgHDT/HDT—
Ag junction at voltages below breakdown. The voltage was swept
reversibly at a rate of 50 mV/s from @ 2 V for A and from 0 to 3V
for B (the current is amplified by a factor of 10). Curves C, D, and E
show typical examples of breakdown voltage measurements (BDV
3.1, 3.3, 3.6 V) for three different HgHDT/HDT—Ag junctions. The
voltage was swept from-04 at a rate of 1 V/s. The inset shows every
10th cycle for FV measurements from ®t2 V (note the different
current scales). All measurements were performed with Hg positively
biased in ethanol, containing hexadecanethiol (10 mM).

In addition, XPS did not reveal any Hg on the surface of a SAM
on Ag that had been in contact with a SAM-coated drop of Hg
for 1 h (with no applied potential) in a HGHDT/HDT—Ag
junction26

B. Measurement.Once assembled, the H¢IDT/HDT—Ag
(HDT = hexadecanethiol) junction was stable. The BDV of each
junction was indicated by the abrupt/irreversible rise in current
in the |-V diagram. Figure 2 showsV diagrams for the He
HDT/HDT—Ag junction obtained by sweeping the applied
potential with the Hg electrode positively biased. We also
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Figure 3. Plot of capacitance versus contact area for the-HBT/
HDT—Ag junction in ethanol and hexadecane, each containing 10 mM
hexadecanethiol (HDT). The contact area was monitored by a video
camera using a 50 objective, and the capacitance values were
measured using a digital multimeter. The theoretical line was calculated
under the assumption of a thin-film capacitd®/A = esameo/d (€sam

= 2.5,¢, = 8.85 x 10712 C¥Nm?, d = 40 nm). The length of the bar
indicating uncertainty is twice the difference between the mean and
the extreme values.

voltages higher than 2 V, the lifetime of the junction de-
creased: on sweeping the voltage from 0 to 2.5 V the junction
survived 5-10 cycles; from 0 to 3 V, £2 cycles.

C. Solvent Effects.The BDV measurements were performed
with the Hg—HDT/HDT—Hg junction in contact with different
solvents: acetonitrile, ethanol, glycerol, hexadecane, isooctane,
perfluorononane, and water (Table 2). While the current depends
on the conductivity of the solvent and other factérthe values
of BDV seem to be relatively independent of the solvent. For
solvents such as acetonitrile, glycerol, perfluorononane, and
water, which do not dissolve substantial concentrations of
hexadecanethiol{1 mM), variations in BDV are higher; this
variability demonstrates again the need of an alkanethiol solution
surrounding the junction in order to stabilize it.

We have measured the capacitan€eyalues in ethanol and

examined the effect of sweeping the potential over voltage N€xadecane for different contact aredg (o determine the
ranges in which the Hg electrode was negatively biased (seedistance €) between the two electrodes and to estimate the
the Supporting Information). Since the junction incorporates two amount of the solvent entrapped between the two m&AM
different metals, it is unsymmetrical; this asymmetry is reflected Surfaces (Figure 3). The contact area was evaluated using a video
in different I-V curves when biased with different polarity, ~camera with a 5@ objective. These junctions show a linear
although the breakdown voltages of the junction were similar. relationship between capacitance and contact area, as one would
A value of BDV = 3.2+ 0.4 V was obtained when the mercury  €xpect for thin film capacitors.The theoretical line has been
was positively biased, and a value of BB¥2.6+ 0.5V was ~ calculated under the assumption of a H$DT/HDT—Ag
obtained when Hg was negatively biased. junction with no solvent in the interfad@/A = ee,/d (esam =
— 12 2 2 =

The |-V curve for the negatively biased mercury showed 2.5, €0 = 8.85 x 1071 CYNm, duprpor = 4.0 nm). The
that, below potentials of about1 V. the junction underwent capacitance values measured for the junction with a given area
some irreversible transformation, as can be seen by the hysteresigf contact between the HgSAM_and SAM-Ag surfgces n_ .
and the substantially reduced value of the BDV when mercury ethanol are cloge to the theoretical value of capacitance. This
was again biased as anode (see the Supporting Information) observation, which is supported by the results obtained for the

e - i o
When the Hg was positively biased, we could not observe any H_g _fS_AM/SAM Hg qun%t'on’l .S“gge.Sts fthat bthere ari no
significant hysteresis even at voltages close to the BDW/ | S'gnificant amounts of ethanol in the interface between the two

measurements at voltages below breakdown could be repeate@AMs' For hexadecane, however, the lower slope in the plot

many times ¢ 100, when the voltage was cycled from 0 to 2 V of capacitance versus distance suggests a Ia_rger distance betw_een
the two electrodes and the presence of a thin layer of solvent in

the interface-28We have used ethanol as a solvent for all BDV

at 100 mV/s over an interval of 3 h) without change in the shape

of 1=V curves (inset in Figure 2) or in the value of BDV
ultimately obtained (Table 2). When the voltage was cycled to

(26) A Hg—HDT/HDT—Ag junction was assembled and leftrfb h in
contact. After disassembly of the junction, the contact area on the Ag

(27) The absolute value of the current for the junction depends on the
surrounding solvent and is higher in acetonitrile, water, and ethanol than
in isooctane or hexadecane and perfluorononane. A larger separation of
the two electrodes (cf. Figure 3) by an unpolar solvent can also be the

HDT surface was analyzed by XPS spectroscopy; no detectable levels of cause for this observation.

Hg were observed. In contrast a sample ofA¢PT exposed to mercury
vapor (in a closed chamber for 30 min), followed by successive washing
with ethanol, showed significant levels of Hg on the-AgDT surface in

the XPS spectrum.

(28) Another explanation for a slope lower than the theoretical slope in
the capacitance vs contact area plot (Figure 3) might be that we have
overestimated the contact area, based on the visual measurement of the
contact diameter.
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5 environments with this junction is generally insensitive to
A(‘;;':gfasf‘xaij)" (a) external conditions, although it is sensitive to the presence of
4 ' electrolytes in aqueous and ethanolic solufidNo significant

3 difference in the value of BDV was observed for measurements
carried out under air and in oxygen-free solutions. BDVs were

+ 0.6 V) over the whole temperature range. The thickness of
| I the underlying metal and the type of evaporation (e-beam versus

] (80 data, 8 waters) surfaces show smaller values of BDV; thermally evaporated
metal films show slightly higher BDVs, which might arise from

measured for the HGSAM/SAM—Ag junction between 0 and
| I
0 thermal evaporation) seemed to result in small, systematic
61 a decreased roughness through thermal anne#lingring the
4 ‘ ” ‘ thermal evaporation at a rate of 0.1 nm/s, the temperature usually
I| | 11
2.5

Number of breakdown measurements

50 °C in ethanol: the BDV values were indistinguishable (3.2
10 | Average BDV: 3.1V (b) variations in the value of BDV: thicker and therefore rougher
1 increased te~100°C in the evaporator, while during the e-beam
2 .
) I

evaporation the substrate temperature increased only slightly
— UL RAARRERNNE ] . (~50 °C)3! The concentration of the alkanethiol solutions
35 4 45 forming the SAM on each metal surface seemed to have only

15 2 ) 3

14 BDV[V] a small effect on the BDV values. To obtain densely packed
metalk-SAM surfaces within short time, we chose a 10 mM

12 (c) . - . .
concentration of alkanethiol in ethanol in preparing SAMs.

10

The only values significantly deviating below the standard
(3.2 V) are those obtained by the addition of carbon black (0
V) and electrolytes (1:21.7 V). The higher breakdown voltages
in some solvents (glycerol, perfluorononane) and after the
addition of talcum powder can be explained with a larger
separation of the two electrodes as indicated by capacitance
6 measurements.

There is a small influence of the sweep rate on the average

Counts

talcum powder
perfluorononane

“~carbon black
>—added electrolyte
glycerol

4
BDV [V]

Figure 4. (a) The distribution of 20 BDV measurements taken on the breakdown voltage over the range-100000 mV/s: higher
same wafer, and (b) the distribution of 80 BDV measurements taken sweep rates show slightly higher values of BDW(2 V). The

on 8 different wafers for the HgHDT/HDT—Ag junction, with Hg deviation in the BDV measurements is smallest at the highest
as the anode, in a 10 mM solution of hexadecanethiol in ethanol (sweepSWeep rates100 mV/s) (data shown in Supporting Informa-

rate 1V/s). (c) Histogram for parameters reported in Table 2 illustrating
the clustering of BDV values around 3.2 V for the HYDT/HDT—
Ag junction under a variety of conditions.

tion). We chose a sweep rate of 1 V/s for most measureniénts.
2. Structure—Property Relationships. We have used the
Hg—SAM/SAM—M' junction to measure -V curves and

measurements because it does not affect the distance betweefréa@kdown voltages (BDV) of (i) hexadecanethiol SAMs on

the metal-SAM surfaces and forms the most stable and different metals (Ag, Au, Cu, Hg, Au/Hg), (ii) alkanethiol SAMs

reproducible Hg-SAM/SAM—M' junctions of different length (C7, C8, C9, C10, C11, C12, C14, C16, C18,
C22, C26) on silver, and (iii) SAMs on silver and gold of

D. Reproducibility. Junctions suitable for studies in molec- different structural types, including aromatic and functionalized

ular electronics must be highly reproducible and well character- thiols
ized. This section reports the effect of different assembling :

procedures, external parameters, and measurement conditions A. Dependence of the BDV on th? Metal SurfaceWe

on the BDV value in the HgHDT/HDT—Ag junction (HDT meqsured the BDV of three alkanethiols (C9, Q16, and C26)
— hexadecanethiol). The BDV measurements are consistent for>" five metals (Ag, Cu, Hg, AuHg, and Au) (Figure 5). The

. - results are internally consistent within this series of experiments.
the same SAM-metal sample (maximum deviationl5%) and L : . :
less consistent for differe%t éAMnetal samples (ma>)(imum We describe in detail the results obtained using HDT-SAMs,

deviation <30%) (Figure 4). The individual values of BDV (hexadecanethiol, C16) since the metdDT surface is usually

approach a statistical distribution about the mean BDV for a giﬁ& ii,flf\tzndagd for (éonjpa}lrlson |n|texp¢tr'r|]mggts |rcljvc():l\2/g1g
given junction. Since each BDV is the average of ontyl® ith S h th eho tserv?k S|rtnh|.a|r rei% S \'Nlld | ant bl
measurements and the commonly used statistical tests requiré'jl oug € shorter akane .'0§¢ ) vield less stable
larger numbers of data than this, we have chosen to estimate’uncuons’ and longer alkanethiols €20) tend to precipitate

the precision of the experiment as twice the difference between (29) The addition of electrolytes might enhance electrochemical processes
the maximum and average BDV. TheV curves have been on the metal surfaces, such as cathodic stripping of the thiol; compare ref

Ta,.e.
recorde.d be'o"‘.’ and up FO the BDV. We .Can sweep the vol_tage (30) Guo, L.-H.; Facci, J. S.; McLendon, G.; Mosher Rngmuir1994
many times without evidence of significant electrochemical 10 4588 4593

processes (e.g., cathodic stripping of the SANdyovided that (31) We also compared the breakdown voltages of AT surfaces
(i) Hg is positively biased and (ii) the upper limit of the voltage obtained from e-beam-evaporated gold {hwith those from thermally

. . L evaporated gold (AW). The Aup—HDT surfaces showed an average
range is~20% below the BDV. Provided that these limits are prehiou, vgoltagé oh? 1.5 0.2 V, whereas the value for the AtHDT ’

kept, only a small hysteresis is observed on repeated cyclingsurface was significantly higher: 2:20.5 V. We attribute this observation
(inset in Figure 2). to the effect of thermal annealing on of the gold surface, generating larger
. . . grains and fewer pinholes in the ASBAM surface.
The influence of different parameters on the BDV value is ™ (32) For shorter alkanethiols<C10), a sweep rate of 100 mV/s was

summarized in Table 2. The value of BDV observed in different used.
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Figure 5. (a) RepresentativeV curves for the electrical breakdown

of hexadecanethiolate (HDT) SAMs in HIDT/HDT—M' junctions

(M" = Ag, Au, Ag/Hg, Cu, and Hg). The breakdown voltage of each
junction (indicated by the abrupt rise of the current) was obtained by
sweeping the voltage from 0 ¥ V at arate of 1 V/s (all measurements
were performed in a 10 mM solution of hexadecanethiol in ethanol).
The inset shows the-V curves of the Hg-HDT/HDT—M' junctions

(M" = Ag, Au) from 0—1 V, using individual static potentials in 100
mV steps (note the difference of A Between the scales of current).
(b) Average breakdown voltages (lines) for different metals in the Hg
SAM/SAM—M' junction: M = Ag (O), Cu @), Hg (»), Au/Hg (a),

and Au ©) as a function of the alkanethiol chain length (C9, C16, and
C26). The average breakdown voltages were obtained from five
independent measurements for each-BIAM combination. The length

of the bar indicating uncertainty is twice the difference between the

mean and the extreme values. The data for some of the metals were

spread slightly horizontally to avoid overlap. The breakdown voltage
of each junction was obtained by sweeping the voltage from 0 to 7 V
at a rate of 1 V/s. All measurements were performed in a solution of
ethanol containing hexadecanethiol (10 mM).
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Figure 6. Dependence of the BDV on the contact area forADT

(top) and Ag-HDT junctions (bottom). Two parameters, the Hg drop
size (before contact) and the observed contact area (measured by
videomicroscopy, using a 500objective), were investigated for each
junction.

the SAMs and contact of the mercury with' Miv) The values

of BDV increase in the order A Hg ~ Cu~ Ag. The BDV

for the junction incorporating AgSAM as one component
depends less on the contact area than that havingSAMm
(Figure 6). This observation is compatible with the hypothesis
that the Au-SAM system has more defects than the/A8AM
systen?® and that these defects contribute to electrical break-
down.

The BDV values depend on the SAMnetal combination

in a way that correlates, at least generally, with the tilt angle
and therefore the in-plane density of the SAM (Tabl¢%3¢

For SAMs on Au, which exhibit the largestRR distances and
tilt angles, the value of BDV is lowest. Although the differences

from their solutions in ethanol. Figure 5 shows representative between SAMs on Ag, Cu, and Hg are not statistically

|-V curves for Hg-HDT/HDT—M' (M' = Ag, Cu, Hg, Au/
Hg, Au) junctions. There are four important inferences from
these experiments. (i) The current increases with a nonfihear
dependence on voltage, as expected for a métaulator
metal junctior* up to the voltage at which the junction breaks

significant, we believe that the SAMs that form on Ag seem to
provide the best electrical insulation of the solid metal surface
The difference in BDV values between SAMs on Au and
SAMs on Ag, Cu, and Hg surfaces, whatever its origin, cannot
be due to surface morphology alone. We used evaporated films

down. (i) For a given voltage, the current measured across aof Au, Ag, and Cu that were-200 nm thick: the peak-to-valley

junction incorporating a AtSAM electrode is higher than for

a Ag—SAM electrode by a factor of2.5 (insert of Figure 5a).
(iii) At the same time that the junction breaks down electrically,
the mercury drop merges with the underlying metal surface
(Scheme 1). Thus, electrical breakdown results in disruption of

roughness of these surfaces seems, from many studies of them
by AFM and STM?3¢:30:36tg be approximately 1820% of their
thickness, and the influence of the thickness on the BDV was
relatively small (cf. Table 2). The surface of mercury is,
however, smooth, and the surface of SAMg also seems to

(33) Theoretically the dependence of the current on the voltage is
determined by the mechanism of conductivity, which is different for different
voltage regimes. The complexity of the junction does not allow us to study
this relationship.

(34) Simon, J.; Andre, J.-Molecular Semiconductor$pringer: New
York, 1985.

(35) Van Patten, P. G.; Noll, J. D.; Myrick, M. L1. Phys. Chem. B
1997 101, 7874-7875.

(36) Hutt, D. A.; Cooper, E.; Leggett, G. Surf. Sci.1998 397, 154—
163.

(37) Silver provides a good surface for densly packed monolayers studied

by various techniques; compare refs 5c, 6, 36.
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Figure 7. Evolution of the breakdown voltage with the time in which
the planar metal surface was incubatedhw@& 1 mM solution of
hexadecanethiol (HDT) in ethanol before assembly of the junction: (a)
Au—HDT surface (aufd), (b) Au-HDT surface treated with Hg vapor
for 30 min (Au/Hg, ), (c) Ag-HDT surface (Ag0O), (d) Ag-HDT
surface treated with Hg-vapor for 30 min (Ag/He). The sweep rate

for the =V curve was 100 mV/s, and three measurements were
performed and averaged to determine each BDV. The length of the
bar indicating uncertainty is twice the difference between the mean
and the extreme values.

be smooth8 Since junctions based on Ag, Cu, and Hg are
similar in BDV and that based on Au is different, it thus seems
unlikely that surface morphology/topography alone determine
the value of the BDVs.

SAMs derived from fluorinated alkanethiols on Au are
incommensurate with the Au (111) lattice, probably because
the cross-sectional diameter of the extended fluorinated al-
kanethiols (5.6 A) is larger than that of alkanethiols (4.5"48.
The fluorinated alkanethiols form SAMs on Au with a smaller
tilt angle (12 + 2°) than alkanethiols and an interchain distance
of 5.8 A (compared to 5.0 A for alkanethiols; cf. Table 1). We
have compared the BDVs of H§CH,),(CF,)sCFs and of C12

Haag et al.
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Figure 8. (a) Dependence of the breakdown voltage on the alkanethiol
chain length for the HgSAM/SAM—Ag junction. The BDV was
measured for elevemalkanethiols (C7, C8, C9, C10, C11, C12, C14,
C16, C18, C22, and C2®)using at least five independent junctions
for each thiol on the same wafer. Inset: the best linear least-square fit

alkanethiol having the same carbon chain length supported on; yhe gata (with uniform weighting gives two different slopes): 0.28

Au and Ag surfaces: on gold the fluorinated SAM has a BDV
of 2.2+ 0.4 V, almost twice the value of the hydrocarbon SAM
with the same chain length (BD¥ 1.3+ 0.3 V); on silver the
difference between the BDV values of fluorocarbon SAM (2.3
+ 0.3 V) and hydrocarbon SAM (1.9 0.4 V) are not

V/CH unit for short alkanethiols (C7-C14), and 0.17 V/Cthit for

long alkanethiols (C16-C26). Theintercept (BDV= 0 V) occurs at

~5 carbon atom® See Supporting Information for a tabulated
presentation of the data in Figure 8a. (b) Plot of the electrical field
(GV/m) at breakdown versus the estimated distance between the two

statistically significant. These results support other observationsmetal surfaces for the HSAM/SAM—Ag junction. The electrical field

throughout this work in suggesting that dense packing and al

value of 6; close to O correlate with high values of BDV.

The role of the lateral density of the SAM in determining
the BDV is further confirmed by BDV measurements using a
Au/Hg—SAM and Ag/Hg-SAM surface as one of the elec-
trodes. These surfaces are prepared by treatingS¥M and
Au—SAM with Hg vapor and alkanethiol, according to the
procedure of Grunze et &. The BDV of Au/Hg—SAM
increased from 1.5 to 2.5 V over a time span of 20 h after
reimmersion in hexadecanethiol solution (Figure 7) (although
it never reached the value of BDV characteristic of AAM).
Grunze has established that conversion of-SAM to Au/
Hg—SAM is accompanied by a decreasefirand an increase
in packing density. The BDV for the AgSAM system does
not increase with this procedure. The treatment of-S¢\M
with Hg vapor and a solution of HDT has not been studied
previously, but the lack of an effect is not surprising, since-Ag
SAM is already highly ordered and densely packed. The effect
on the BDV of the increased lateral density is substantial even
if it does not reach the high value of AGGAM, probably
because of the reported heterogeneous structure of the Au/Hg
SAMs 23

(38) Liu, G.; Fenter, P.; Chidsey, C. E. D.; Ogletree, D. F.; Eisenberger,
P.; Salmeron, MJ. Chem. Physl1994 101, 4301-4306.

E = BDV/d) values were calculated from the average breakdown
voltages; the electrode distancel$ Were determined according to the
published thickness of alkanethiolate SAMs on the surfaces of Ag and
Hg 52 The length of the bar indicating uncertainty is twice the difference
between the mean and the extreme values.

B. Dependence of the BDV on the thickness of the SAM.
Figure 5b shows the values of BDV for different lengths of
alkanethiolate SAMs (C9, C16, C26) on five different metals
(Ag, Au, Au/Hg, Cu, and Hg). On each metal, the BDV of the
SAM depends on the length of the thiol. We have also studied
the dependence of the BDV on the thickness of the SAM, using
the Hg—SAM/SAM—Ag junction, where the SAMs are formed
from a series of alkanethiols (Figure 8&)The BDV shows an
approximately linear dependence on alkanethiol chain lengths
from C7 to C16 (increasing by0.3 V per ChH group), while
for longer alkanethiols, from C16 to C26, it increases more
slowly (~0.2 V per CH). Figure 8b plots the electrical field
(E = V/d) at the BDV versus the thicknesd)(of the SAMs:

E increases approximately linearly for shorter alkanethiols{C7
C14) and becomes constant after C14. Shorter alkanethiols are
less ordered and less densely packed than longer’daails

from these alkanethiols are less stable (per unit of thickness) to
electrical breakdown than are those formed from higher
alkanethiols. After C14, the electrical strengths of the SAMs
reach a value of 0.8 GV/m. The highest observed breakdown
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Table 3. Average Breakdown Voltage of the HEAM/SAM—M' 5
Junction for SAMs with Different Chemical Structure Au and Ag MO o On O -
and Alkanethiolate SAMs with Similar Thickness x ME-oijw\N\:N\s-
B 4 a
thiol (HS—R) used BDV [V] . P?-NT(\AMMA& (a)
entry to form the SAMs Ag—SAM  Au—SAM AASaaaae
3 3 1 © CH3(CH,),S-, {n = 6-25)
1 HS-(CH2)x(CF,)sCFs 23403 22+£0.4 = o
HS-(CH,)1CH; 1.9+04 13403 E o
2 A CQ
2 HS-H,c{ )~ ) 13403 0.7402 . . {
HS-(CH,)sCH; 13402 0.7+0.3 1 —
8 nm
3 s~ )~ ) 06803  ns° g
HS-(CH,),CH; 095+0.1  nd’ 0 ' ' ' '
1 2 3 4 5 6
4 HS c
0.65+0.1 " Estimated Hg-M' Distance [nm]
HS-(CH,)sCH; 0.67£0.04  ns° 5
5 HS
0.23 £ 0.08 ns’ 4 - (b)
HS-(CH;)sCH; ns’ ns®
S 37
6 HS-(CH;)11(OC;H4):0Me 16402 nd’ >
HS-(CH,)11(0C2H,)sOMe 1.7+0.3 nd* a 2
HS-(CHy)2 CH,* 4.0%05 nd”
HS-(CH2)1 5-CO—PEI/ d ]
7 HS~(CH,)5-CO;H/® 30£03 nd 1
HS-(CHz)15-CONHC2Has/ g
HS-(CHy)15-COH® 5708 nd 0 : : : .
8 . . 1 2 3 4 5 6
ns 1s Estimated Thickness of the Hydrocarbon Layer of
HS the Hg-SAM/SAM-Ag Junction [nm]

2 - — - . Figure 9. (a) Average values of BDV for SAMs of alkanethiol®),

All measurements were performed with Hg positively biased, in a SAMs of tic thiol bol SAM derived f
solution of ethanol, containing the thiol being examined (10 mM). The SAMS of aromatic thiols (open symbols), a erved from
experimental uncertainties are based on the differences between thédfi€thyleneglycol-undecanethiol and hexaethyleneglycol-undecanethiol
maximum and minimum values of BDV obtained in five independent (x and —), and a SAM generated by cross-linking a C16 SAM
measurements on the same wafdvlajor component in a mixture of terminated in interchain carboxylic anhydride with polyethylenimine
fluorinated thiols (Tolumer B thiol)* ¢ Junction is mechanically stable  (+) plotted against the distance of the two electrodes in the $igM/
but immediately breaks down when a potential is applied (ns: not SAM—Ag junction (the length of the bar indicating uncertainty is twice
stable).? nd: not determined SAM with the same number of carbons e difference between the mean and the extreme values). (b) The same
(similar length)." PEI (polyethylene imine) cross-links the underlying  5yerage values of BDV plotted against the thickness of the hydrocarbon

g"ggggzgc er‘ggé’gtriige a?rﬁ'\rfterr?;]gﬁ 1—2:’?) gfrrﬁcaenwajr%r:?gxggf’m layer composing each junction. The electrode distances were determined
1,0 used Ey the prgc])cedure in ref 42 fo||></)wed b))// reaction with the from the estimated thickness of alkanethiolate SAMs on the surfaces

amine: this reaction sequence results in a SAM terminated in a 1:1 °f Ag and Hgee

ratio of amide and carboxylic acid groups. The mercury surface was . . S
covered with a HDT_SAM.y grodp Y alkyl chain corresponds to the thickness of the cross-linking

PEI (~1 nm). (iv) A SAM of thiocholesterol (a secondary thiol
voltage, 5.9 V (cf. Figure 8a), was recorded for the-Hg similar in length to C16 thiolf3 In this case a mechanically
S(CHb)2sCHy/ CHs(CHy)2:S—Ag junction; this value corre-  Stable junction was formed, that is, the SAM-covered Hg-drop
sponds to an electrical field of1 GV/m. did not fuse with the SAM-covered Ag surface when the two

C. Dependence of the BDVs on the Chemical Structure ~ Were brought in contact, but the junction immediately broke
of the SAMs. To extend the classes of compounds studied down after application of a potential as small as 10 fAV.
beyond the saturated aliphatics, we surveyed SAMs of different Figure 9 displays the data for SAMs of different structure in
chemical structures (Table 3 and Figures 9, 10): (i) SAMs of tWo plots: Figure 9a shows the BDV vs the estimated overall
several aromatic thiols, which are known to be densely packed, thickness of the SAM and attached groups; Figure 9b shows
with R—R distances similar to those of alkanethi#igii) Two the BDV vs the thickness of the crystalline, heteroatom-free
SAMs derived from 11-(triethyleneglycol)-undecane-1-thiol and (@liphatic (CH), or aromatic) layer. The thickness calculations
11-(hexaethyleneglycol)-undecane-1-thiol; in these SAMs the &€ based on the number of carbon atoms &pfd*® Two
oligoethyleneglycol groups are more flexible than hydrocarbon OPservations emerge from these data (i) the BDV correlates with
chains and not well packé8.(ii) Two SAMs, generated by the thickness of the crystalline layer (@K there is, to first
reaction of an anhydride terminated C16 SAM with polyeth- (41) Yan, L.; Huck, W. T. S.; Zhao, X.-M.; Whitesides, G. Mangmuir

ylenimine (PEIf* and C12 alkylaminé? The length of the C12 1999 15, 1208-1214. Huck, W. T. S.; Yan, L.; Stroock, A.; Haag, R.;
Whitesides, G. MLangmuir1999 15, 5, in press.

(39) (a) Sabatani, E.; Cohen-Boulakai, J.; Bruening, M.; Rubinstein, I. (42) Yan, L.; Marzolin, C.; Terfort, A.; Whitesides, G. Miangmuir
Langmuir1993 9, 4-2981. (b) Chang, S.-C.; Chao, I.; Tao, Y.J.Am. 1997 13, 6704.
Chem. Soc1994 116, 6792-6805. (43) Yang, Z. P.; Enquist, |.; Kauffmann, J.-M.; Liedberg,lB.xngmuir

(40) Pertsin, A. J.; Grunze, MJ,. Phys. Cheml998 102, 4918-4926. 1996 12, 1704-1707.
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Figure 10. Schematic representations of the structures of SAMs from
four types of thiols: an aromatic SAM, two oligoethyleneglycol-
containing SAMs of different length, a SAM cross-linked by reaction
of PEI with a SAM presenting interchain carboxylic anhydride, and
the corresponding alkanethiol SAMs with a similar value of BDV. The
scale bars indicate the thickness of the alkanethiolate SAM ‘cand

Haag et al.

down: electromechanical collapse (electrostriction) of the*film
caused by electrical forces applied to the two metal surfaces,
and an intrinsic space charge mechanism that results from
electrical charges injected into, or extracted from, the insulator
by the electrode&8 In the present case, a pure mechanical
breakdown of the SAMs caused by electrostriction would
explain the indifference of the BDV to the chemical nature of
the SAM. The pressure in the junction HITD/HTD—Ag,
applied to the SAMs by the metal electrodes at a potential of 2
V, can be calculated as-100 atm?® This pressure could,
perhaps, cause a mechanical disruption of the SAM at the Hg
surface and/or at the boundaries of the SAM on the solid surface.
The abrupt increase of the current (Figures 2 and 5) with the
simultaneous merging of the two metal surfaces (Scheme 1)
indicates clearly that a mechanical rupture of both SAMs occurs
at the BDV. When the flow of current across the junction is
limited to ~10uA, the two surfaces can, however, be separated
with the micromanipulator after the BD has occurred, and only
a microscopic rupture of the junction is observed. This observa-
tion suggests that the mechanical rupture is a consequence, rather
than a cause, of electrical breakdown.

These and other data suggest that electrostriction cannot be
the only mechanism of breakdown. The most important of these
other data is that the highest value for the electrical field at BD
that we observe for alkanethiol SAMs on Ag is indistinguishable
from that of thin polyethylene filmsE = 0.8 GV/m (cf. Figure
8b). Since mechanical failure of polyethylene is certainly not
involved in the breakdown of thick films of that materlit
seems that the (Chiregion of the SAMs and the polyethylene
share a common mechanism for electrical breakdown, and that
this mechanism is neither an electrochemical process involving
mobile ions nor a mechanical fracture under compression. In
addition, the observation that the PEI-cross-linked SAM has
the electrical stability expected for its (GHegion also argues
for a mechanism of breakdown based on electrical failure: the
PEI plausibly reinforces the SAM laterally against distortion
under pressufé and would lead to a BDV value higher than
that of the hydrocarbon portion if the breakdown was caused
by electrostriction.

The presence of electrolytes, even in small concentrations
(<1 mM), significantly lowers the BDV values (cf. Table 2). It
is possible that small numbers of ions can be trapped in the
interface between the two electrodes when it is formed; ionic

the thickness of the corresponding hydrocarbon layer of functionalized migration or polarization on application of the potential might

SAMs on M (see Figure 9).

order, no contribution to the BDV value from the disordered
part of the SAM (e.g., the SAM from oligoethylene glycol

functionalized undecanthiol, PEI-cross-linked thiohexadecanoic

acid, and thiocholesterol); and (ii) the BDV is independent of
the chemical composition of the SAM (aliphatic or aromatic)

once it is densely packed and depends only on the thickness of

the SAM.

contribute to damage the SAMs and ultimately lead to break-
down.

(44) Barraud, A.; Rosilio, AThin Solid Films1976 31, 243-251.

(45) Barraud, A.; Rosilio, A.; Legressus, C.; Okuzumi, H.; Mogami, A.
8th International Congress on Electron Microscopiust. Acad. of
Science: Canberra, Australia, 1974; Vol. 1, p 682.

(46) Frihlich, H. Rep. ERAL94Q 113 L/T.
(47) Seitz, FPhys Re. 1949 76, 1376.
(48) (a) Cooper, R.; Elliott, C. TBr. J. Appl. Phys1966 17, 481. (b)

We were surprised that the BDV does not depend on whether ©'Dwyer J. J.J. Phys. Chem. Solidk967, 28, 1137.

the SAM contained aliphatic or aromatic moieties, but only on

(49) The Hg-HDT/HDT—M' junction was treated as a parallel plate
capacitor. This assumption is justified because the separation between the

the thickness of the densely packed hydrocarbon portions of two metals is much smaller than the surface area in contact with the SAM.

the SAM. This result can be interpreted in more detail only in

connection with an understanding of the mechanism of break-

The force inside a thin-film capacitor is given &s= Eq (E, electrical
field; g, charge), the pressure is givenRs= F/A = Eg/A. The electrical
field is defined asE = V/d (V, potential;d, distance between the two

down of the jUnCtion. The mechanism of breakdown has been electrodes), the charge is definedgps: CV (C = capacitance) an@ =
extensively studied for different dielectrics, such as organic eeA/d. Hence, the pressure between the two electrodes can be calculated

insulators (e.g., polyethylene) and thin inorganic films. In thin-
film organic dielectrics, such as LangmuiBlodgett films#4

from P = (V/d)2%e€o. At a potential of 2 V, the pressure is1Pascal or 100
atm (sam = 2.5, €0 = 8.85 x 10712 C¥Nm?, d = 40 nm).
(50) Adamec, V.; Calderwood, J. H. Phys. D: Appl. Physl981, 14,

two mechanisms seem to fit the experimental data for break- 1487-1494.
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Conclusions Table 4. Electrical Strength of Insulating Materials and HDT
SAM on AgP?

The Junction. We hav_e bUI!t a new type of electrlpal junction, material E [GV/m] material E [GV/m]

the Hg—~SAM/SAM—M' junction, where the compliant surface Tofion 5 —m— 0308
H : | . .

of a Hg drop (and, we infer, of a mercury drop co_vered with a OTS-SAM on Si 09-1% paraffines 0205
S_A_M) allows conformal, nondamaging contact v_\nth asecond, HpT-SAMon Ag 0.8 Pyrex 017
rigid, SAM-covered metal surface. The dimension of the Hg  polyethylene 0.60.8 rubber 0.1
drop and the pressure applied to the drop by the micromanipu- quartz 0.7 ceramics 0.05
lator determine the contact area. The presence of an ethanolic ODT-SAM on Au 0.4

solution of the thiol that forms the SAM in the volume aReported for 13Qum thick Teflon sheets (ref 52bY.0ctadecyl-
surrounding the contact area makes the junction easy totrichlorosilane (OTS) grafted on a silicon wafer (ref 11%4)leasured
assemble. This junction is stable to the small deformations of for ﬂ:ﬁ T%‘S?T/H?T—ﬁg junctionbtin_ etga?ol (EDTt: hfeﬁage- t
the Hg drop that result rom the mechanical motion requied to SSheliol ifret yaes e apianed fr Sheets of e
bring it into contact with the solid metal surfaces and from other 7,y
small-amplitude vibrations. The junction provides a versatile
system with which to study the electrical properties of SAMs changing the structure of the monolayer (using for example a
(and especially the dependence of the electrical properties offluoroalkyl SAM) and (i) increasing the lateral density of the
these systems on the structures of the organic thiols and theSAM (using the Au/Hg system described by GruifzeSAMs
organization of the SAMs). The most difficult part of this system on Ag have not improved by any strategy we have tested.
(at least for most organic chemists) is the measurement of the  The role of the organization of the SAM in determining its
current/voltage curves. These measurements require the abilityelectrical strength emerges as a striking result. The electrical
to measure small (pA) currents and require a good program- strength (the maximum sustainable electrical field) calculated
mable potentiostat and electrometér. for each alkanethiol SAM shows that HDT-SAM on Ag can
We believe that the junction provides a good “test-bed” with sustain an electrical field equal to that of a polyethylene sheet,
which to examine organic and organometallic compounds being E = 0.8 GV/m; that is, a hexadecanethiol-derived SAM on Ag
considered as components for molecular electronics. Its majorhas an intrinsic electrical strength similar to that of bulk
advantage is that it allows a broad range of organic thiols to be polyethylene. The comparison of intrinsic electric strength of
incorporated into SAMs and tested. Since it does not require SAMs with other common insulating materials shows that
microfabrication, it can be used by most laboratories equipped alkanethiol SAMs ¢£C14) on Ag have one of the highest
to make SAMs. Itis, thus, a useful system for physical-organic electrical strengths presently known (Table#)Ve conclude
approaches to the study of electron transport through thin that, on Ag surfaces, SAMs longer than C14 show an “intrinsic
organic/organometallic films. The system also has several breakdown”, that is, an electrical strength characteristic of the
disadvantages. (i) It relies on liquid mercury: although the dielectric itself. The values of electrical resistance, recently
mercury offers a junction that is easily and flexibly assembled, reportedt and the electrical strength of these alkanthiolate SAMs
it is toxic and volatile and is not a practical material for make them excellent thin-film, nanometer-thick materials for
fabricating real devices. (ii) It cannot easily form contact regions dielectric applications.
with nanometer dimensions. Although it is easy to form small ~ Breakdown Voltages of SAMs of Different Chemical
(1—100 um) Hg drops, and although even smaller mercury Structures. We see no evidence that SAMs incorporating simple
surfaces could undoubtedly be formed by electrodeposition of aromatic groups differ fundamentally in their behavior from
Hg(0) onto small, lithographically patterned electrodes, the size aliphatic SAMs. The observation that aliphatic and aromatic
of these systems would need to be reduced to dimensions thasystems with similar thickness have similar values of BDV does
are difficult to manipulate before they would allow electrical not bear directly on the question of whether there is, in this
measurements on single organic molecules embedded in thesystem or in others, electron transport involving delocalized
SAM. (i) The system (in its present form) does not allow orbitals on the organic molecules (that is, some mechanism of
fabrication of junctions in which there is a continuous path of transport that might involve the organic molecule acting as a
covalent bonds connecting one metal surface to the other.  “wire” with substantial conductivity rather than a low-
Measurements of Breakdown Voltage.The maximum conductivity medium through which electron transport occurs
voltage sustained by the junction (BDV) has been measured by tunneling)?® Interpretation of BDV's in terms of conductivi-
from 1-V curves using a simple potentiostat in two-electrode ties is complicated by the fact that the interface between the
mode. By using the H§SAM/SAM—M' junction where SAMs two SAMs constitutes an insulating barrier, as do the two
are formed by alkanethiols of different chain length on different different metat-sulfur interfaces; the height and shape of these
metal surfaces (M= Ag, Au, Cu, Hg), we infer that the barriers all remain to be characterized. At this time, we cannot
thickness of the ordered hydrocarbon layer is the major factor Unambiguously define the mechanism of breakdown, but we
that determines the BDV and note that the value of the BDV have direct and indirect data suggesting an electronic component
correlates with the lateral density and tilt angle of the SAM. in the BD mechanism. The most important of these data is that
The value of the BDV is surprisingly indifferent to the detailed the highest value of BDV that we observe is indistinguishable
structure of the molecules making up the SAM. This observation from that for thick ¢-1 mm) films of polyethylene. Since
implies that these SAMs are acting primarily as simple insulating Mechanical failure of the polyethylene is almost certainly not
dielectric layers. The BDV of alkanethiol SAMs on Au is lower ~ involved in the breakdown of that material, nor are ionic
by a factor of 2 than those on Ag but can be increased by (i) ™ (52) (a) Whitehead, Dielectric Breakdown of solid©xford University
Press: Oxford, U.K., 1953. (b) Raju, R. G. G.; Sussi, M.Pkoceedings
(51) The aggregate cost of equipment used for measurements\of | of the 6th IEEE International Conference on Condityi and Breakdown
curves is~$10 K. The minimum instrumental requirement to measure Solid Dielectrics 1998; pp 249-252.
breakdown voltages is a digital multimeter and a tunable voltage source  (53) (a) Newton, M. DChem. Re. 1991, 91, 767-792. (b) Onuchic, J.

(both ~$100). When the exact currents of the junction below breakdown N.; Beratan, D. N.; Winkler, J. R.; Gray, H. Bnnu. Re. Biophys. Biomol.
are of interest, however, a more sophisticated device is required. Struct.1992 21, 349-377.
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processes involving ions in solution or solvent molecules, it dures 6_98% pur_ity by '"H NMR spectroscopy). The ir_1terchain
seems that the (Ch regions of the SAMs and the polyethylene carboxylic anhydride [S(ChhsCO-1.O was prepared according to the
share a common mechanism and probably one involving Published procedur®followed by reaction with the amine; this reaction

electronic current. sequence results in a SAM terminated in a 1:1 ratio of amide and
carboxylic acid groups. The reactions with the dodecylaffizred PEt*
Experimental Section were performed as described previously.

Instrumentation and Measurements.The junction was connected

Fabrication. All measurements were performed with a two-electrode  to 3 computer-controlled potentiostat (Pine, Biopotentiostat AFCBP1,
junction: Hg-SAM/SAM—M' (Ag, Au, Au/Hg, Cu). A hanging Grove City, PA) in the two-electrode mode, and the voltage was swept
mercury drop electrode was used to generate one metal surface of therom 0 to 7 V at arate of 0.1-1 V/s (as indicated in the text). The
junction. A commercial Hamilton gastight 1 mL syringe, in which a  preakdown voltage of the junction was determined from the abrupt
tungsten wire was placed through the Teflon stamp to electrically rise in the current/voltage diagram (Figure 2). All measurements were
connect the upper metal part of the stamp with mercury reservoir, was repeated at least five times on the same surface for each junction and
used (Scheme 1). Mercury (electronic grade, 99.9998%) was purchased|( times for the HgrHDT/HDT—M' junctions. For better reproduc-
from Alpha. CAUTION: Mercury can cause CNS injury if inhaled or  ipility and less sensitivity to vibration, all breakdown voltage measure-
swallowed.The size of the Hg droplet before touching the second ments were performed with the junction immersed in a 10 mM solution
surface was~1 mm in diameter. The second metal surface, Ag(111), of alkanethiol in ethanol. The current measurements at static potentials
Au(111), or Cu, was prepared on Si/Si@sing reported procedurés. (inset in Figure 5a) were performed using a KEITHLEY 617 Program-
The thin metal film (5 nm Cr and 200 nm of Ag, Au, or Cu) was mable Electrometer. The capacitance measurements were performed
freshly prepared by e-beam or thermal evaporation (Edwards Auto 306) by connecting the HgSAM/SAM—M' junction to a MICRONTA
of the metal ortt a 3 in. silicon wafer (Silicon Sense, test grade). The digital multimeter (400 Hz sampling frequency). We carried out all

evaporation chamber was vented with nitrogen, and the bare metalpreparations and measurements on a bench in the open laboratory, with
surfaces were transferred into the solution of thiol through air as soon no special precautions to avoid dust.

after evaporation as possible-10 min). The Au/Hg-SAM surfaces

were prepared according to the published proceﬁﬁw&.freshly Acknowledgment. This work was supported by ONR/
prepared Au-SAM surface (see above) was treated with mercury vapor DARPA. R.H. is grateful to the Deutsche Forschungsgemein-

for 30 min in a closed chamber, saturated with Hg vapor (under air). ) . : .
The surface was then reimmersed in a 10 mM HDT solution in ethanol schait and the BASF-Fellowship program of the Studienstiitung

for 24 h. The experimental setup used for the-BAM/SAM—Hg des Deutschen Volkes for finan_cial support. R.E.H. thanks the

junction was different and has been described previcusly. NIH for a postdoctoral fellowship. We thank Adam Cohen for
The self-assembled monolayers (SAMs) on gold and silver were helpful discussions.

formed from a 10 mM solution of the respective alkanethiol in EtOH

over 24 h. The monolayers on the hanging mercury drop were formed ~ Supporting Information Available: Six (6) figures: FV

on a fresh mercury surface, dipped in the alkanethiol solution for 5 digrams for the Hg-HDT/HDT—Ag junction under different

min. The Hg-SAM/SAM—M' junction was assembled by using a  conditions; experimental distribution of BDV values; histogram

micromanipulator to bring the hanging mercury drop {H&AM) in of Table 2; dependence of BDV on sweep rate; plot of average

contact with the solid metalSAM surface (Scheme 1). The contact gy for different metals: relationship of BDV on-RR distance

areas were determined by video microscopy and capacitance measure 4 it angle. Two (2) iabIeS' average BDVs for HBAM/

ments. For this purpose a video camera with a 5bjective was placed SAM—M junc.tionS' dependen.ce of BDV on alkyl chain length

next to the junction, recording a side view of the system (Scheme 1). . T . .
Chemicals.Anhydrous ethanol (Pharmaco, 200 proof) was used to (7p). This material is available free of charge via the Internet

dissolve the respective alkanethiols. The unfunctionalizatkanethiols at http://pubs.acs.org.
and 2-naphthalenethiol (at95%) were purchased from Aldrich, Pfaltz  ;,990230H
& Bauer, and TCI and were used without further purification. Tolumer
B thiol [HS—(CH.)(CF2)sCFs],> 11-triethyleneglycol-1-undecane- (56) Prime, K. L.; Whitesides, G. MJ. Am. Chem. Socl993 115,
thiol %8 4-biphenylthioly” 4-methylene-biphenylthidf and 2-methylene- 10714-10721.
naphthalenethiét>° were prepared according to the published proce- 0(57) Tao, Y. T.; Wu, C. C.; Eu, J. Y.; Lin, W. LLangmuir 1997, 13,
4018-4023.
(54) A general procedure for metal evaporation can be found in ref 4a.  (58) Brown, T. J.; Chapman, R. F.; Cook, D. C.; Hart, T. W.; McLay,
(55) Tsao, M. W.; Hoffmann, C. L.; Rabolt, J. F.; Johnson, H. E.; Castner, I. M. J. Med. Chem1992 35, 3613-3624.
D. G.; Erdelen, C.; Ringsdorf, H.angmuir1997, 13, 4317-4322. (59) Weinstein, R. PJ. Org. Chem1958 23, 554-559.




