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Abstract: Metal—molecule-metal junctions were fabricated by contacting Au-supported alkyl or benzyl thiol
self-assembled monolayers (SAMs) with an Au-coated atomic force microscope (AFM) tip. FrgAld
microcontact is approximately 15 fpmeaning the junction contains75 molecules. Currentvoltage (—V)
characteristics of these junctions were probed as a function of SAM thickness and load applied to the
microcontact. The measurements showed: (1)thétraces were linear ovet0.3 V, (2) the junction resistance
increased exponentially with alkyl chain length, (3) the junction resistance decreased with increasing load and
showed two distinct power law scaling regimes, (4) resistances were a factor of 10 lower for junctions based
on benzyl thiol SAMs compared to hexyl thiol SAMs having the same thickness, and (5) the junctions sustained
fields up to 2x 107 V/cm before breakdowrl—V characteristics determined for bilayer junctions involving
alkane thiol-coated tips in contact with alkane thiol SAMs on Au also showed liréds over+0.3 V and

the same exponential dependence on thicknessl-FWdehavior and the exponential dependence of resistance

on alkyl chain length are consistent with coherent, nonresonant electron tunneling across the SAM. The calculated
conductance decay constafi} (s 1.2 per methylene unit(1.1 A~2) for both monolayer and bilayer junctions,

in keeping with previous scanning tunneling microscope and electrochemical measurements of electron transfer
through SAMs. These measurements show that conducting probe-AFM is a reliable method for fundamental
studies of electron transfer through small numbers of molecules. The ability to vary the load on the microcontact
is a unique characteristic of these junctions and opens opportunities for exploring electron transfer as a function
of molecular deformation.

Introduction Scheme 1.(A) Metal—Molecule—Metal Junction and (B)

Electrostatic Potential Profile across a Junction

Metal-molecule-metal junctions (m-M—m) are useful )

devices for exploring the structural and electronic factors
affecting electrical transport in molecules. In these junctions,
individual molecules or molecular assemblies are contacted by
two metal electrodes, as shown in Scheme 1A. The junction
conductance depends on a wide spectrum of factors including

molecular dimensions (i.e., the distance between the electrodes), L@

the molecular HOMG-LUMO energy gap, the molecular 53 | AV,

ionization potential, the metal work function, the molecular g < ﬂ
bonding and functional group architectures, and contact s5 | }avs

propertiest™ While these factors are generally appreciated, w metal molecule  metal

guantitative understanding of the currenbltage (—V) char- aAV; and AV; are the voltage drops at the contactd/s is the

acteristics of these junctions is just beginning to emerge. Metal
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voltage drop across the molecule.

molecule-metal junctions are currently being considered as key
elements in molecule-based electronic devigesviding clear
motivation for investigating their properties. It is also anticipated
that detailed studies of these junctions will augment fundamental
understanding of molecular electron-transport processes, central
to many aspects of chemisthyn this sense, transport studies
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of these junctions are complementary to the vast number of
spectroscopié,electrochemical, and scanning tunneling mi-
croscopy (STM) investigations of inter- and intramolecular
electron transfer.

Strategies for fabricating metaimolecule-metal junctions
include assembling molecules inside metal-capped nandfores
and mechanical break junctidd®r between mercury dropgs,
nanofabricated electrodésand crossed wire<.Metallic nano-

particles have also been used as electrical contacts to molecular

monolayers supported on metal surfate$heoretical inves-
tigations of the transport properties of metatolecule-metal
junctions are being pursued by several research groups.

We have recently described an alternative approach to the
formation of metat-molecule-metal junctions using conducting
probe atomic force microscopy (CP-AFNP.A junction is
fabricated by placing a conducting AFM tip in contact with a
metal-supported molecular film, such as a self-assembled
monolayer (SAM) on Au, as shown in Scheme 2A. The normal
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Scheme 2.Formation of Monolayer (A) and Bilayer (B)
Junctions Using a Au-Coated AFM TFip
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a For the bilayer junctions, the tip was coated with az(EH,);SH
SAM and the thickness of the SAM on the substrate was varied as
indicated. For both monolayer and bilayer junctions, voltages were
applied to the probe tip; the substrate was grounded.

CHa(CHz)n-18H,
4<n<10

force feedback circuit of the AFM controls the mechanical load
on the microcontact while the currentoltage (—V) charac-
teristics are recorded. The ability to manipulate the load on the
microcontact is an unusual characteristic of this type of junc-
tion and provides the opportunity to probe the relationship
between mechanical deformation of molecules and their trans-
port properties. Additionally, the load-dependent—t{AM
contact area in these junctions is small (of order 10?)nm
meaning the junction properties reflect transport through a small
number of molecules, typically less than 100 for a 50 nm radius
probe.

A key advantage of CP-AFM for junction fabrication is that
no micro- or nanofabrication processes are necessary. This
means that, in terms of time, screening of junction behavior is
limited by synthesis of molecules and their assembly on
conducting substrates, and not by the measurement methodology
itself. The Hg drop junctions reported by Rampi and Whitesides
share this characteristié¢ Junction fabrication by CP-AFM
is also a “soft” process in that there are no high-temperature
contact-forming steps. Molecules may be contacted by any
conducting film that can be coated onto an AFM tip, offering
flexibility for examining the role of contacts on the junction
|-V behavior.

It is important to note the difference between this CP-AFM
method and scanning tunneling microscopy (STM) for charac-
terizing molecular junctions. In STM, current, not force, is used
to control tip-positioning. Because the conductance properties
of molecules are generally unknown, the position of the probe
with respect to the molecules can be ambiguous. If the STM
tip is not in contact with the monolayer, the junction transport
properties are determined by the molecwdad thevacuum (or
air) gap between the molecules and the tip. If the tip penetrates
the monolayer, it is difficult to know how far it has penetrated
and thus what portions of the molecules contribute to the current.
CP-AFM does not have this difficulty because an independent
feedback signal, namely normal force, allows the probe to be
controllably positioned just in contact with the monolayer. At
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low contact forces, there is much less ambiguity in CP-AFM which is proportional to molecular length. The resistance for
about where the tip is with respect to the endgroups of the SAM. the junction is expressed as

Previous CP-AFM studies of electrical transport in molecules
include resistance measurements along carbon nanétunes R= R, exp(s) 1)
|-V measurements across Langmtiiodgett films® and
adsorbed alkane layetsLindsay and co-workers used Pt-coated WhereRy is an effective contact resistancejs the junction
AFM tips to generate two-dimensional “current maps” of length, and the exponential prefacfirwith units of 1/length,
docosane thiol SAMs with imbeddeticarotene derivative®. is a structure-dependent measure of transport efficiency.
By analyzing the bright spots in these images as a function of In our initial work demonstrating the fabrication of metal
applied tip-substrate bias, they estimated the resistance of themolecule-metal junctions by CP-AFM? we showed that the
S-carotene molecule to be 4¢5 Salmeron, et al. measured resistance of junctions formed with alkane thiol SAMs (Scheme
current and cantilever deflection simultaneously as a lever was2A) increased exponentially with alkane chain length. The
brought into contact with a SAM of GICH,)11:SH 2! Our initial exponential dependence is consistent with coherent nonresonant
study demonstrated that theV characteristics of SAMs could  €lectron tunneling, although the prefagtowe determined (1.45
be recorded using a stationary, conducting tip under fixed A~%) was somewhat higher thaf values obtained by other
applied load methods (e.g., 1.0 & by electrochemical techniqus In this

Transport through metaimolecule-metal junctions is ex-  Paper, we describe a more complete set of experiments in which
pected to depend critically on the properties of the contacts, Wwe have investigated the effects of the applied microcontact
which in turn depend on the details of the chemisorption or l0ad, tip radius, voltage sweep range, and tip chemical modi-
physisorption at the metaimolecule interfaces. The influence fication on the (—V) response of Atralkane thiot-Au junc-
of the contacts can be described by the electrostatic potentialtions. We find that the breakdown voltage of this junction scales
profile across the junction. Datta has concluded that to first With SAM thickness in a fashion similar to recently reported
approximation the change in potential is not linear, but instead Hg contact junction$?®® We also show that the junction
displays sharp drops at the electredgeolecule interface3as resistance has two distinct regimes of power law dependence
shown in Scheme 1B. Equal potential drops at both contacts©on load, and that bilayer junctions may be probed, opening the
were necessary to account for Symmelﬁe\/ characteristics pOSSlblllty of determining the role of functional group interac-
observed in STM conductance studies of SAMs. A recent self- tions onf. Finally, we have repeated the length dependence
consistent solution of the Schiimger and Poisson equations ~study using a broader range of alkane thiol chain lengths and
for a metat-molecule-metal junction by Muijica et &P supports ~ slightly lower microcontact load. We find that the ngwalue
Datta’s original conclusion that the profile has the general shape (1.1 A™%) is closer to previously reported values. Our measure-
shown in Scheme 1B. A density functional theory (DFT) ments establish that CP-AFM is a useful method for character-
calculation by Lang and Avouris of the electrostatics for a izing electron transport through molecules.
metal-cumulene-metal junction tells a slightly different stofy;
there are no steep changes in the potential profile, but a large
fraction of the total potential is dropped jussidethe metallic Materials. Gold wire (99.999% pure) was purchased from Mowrey,
contacts. In either case, the upshot is that a large fraction of thelnc. (St. Paul, MN). Cr was purchased from R.D. Mathis (Long Beach,
applied potential is dropped at (or within) the contacts, meaning CA). Ethanol (200 proof) was used as received from Quantum (Newark,
that the contacts represent a significant bottleneck to current NJ)._ Benzylthiol and all alkane thiols were used as purchased from
flow. To determine the resistance of the molecular bridge, it is Aldrich- . _ . .
therefore necessary to account for the voltage drop (effective  Monolayer Preparation. Gold films were deposited onto Si

. . - substrates using a thermal evaporator at a background pressuse of 3
resistance) at the contacts. This can be done by measuring th 0°® Torr. Typically, 400 A of gold was deposited on a 30 A Cr

junction resistance as a function of electrode spacing (molecularghesion layer at 1 Als. Immediately after metallization, the Au-coated

length), which yields the resistance per unit length of molecule, s;j was cleaved into 1 cfrchips and placed into freshly prepared 1

a quantity that is independent of the contact properties. mM thiol solutions in ethanol. A monolayer was allowed to form for
The length dependence of the junction resistance hinges onat least 12 h (usually overnight). Before use, each sample was rinsed

the transport mechanism through the junction, and in principle with several mL of absolute ethanol and gently blown dry with N

can fall into one of three categories, coherent resonant tunneling, Junction Formation and Characterization. Unless otherwise noted,

coherent nonresonant tunneling, and diffusive (noncoherent)?&!l measurements were made using a Digital Instruments MultiMode

transport, as described by Ratdgivhen the Fermi level of ~ AFM (Santa Barbara, CA) with commercially available V-shapeti5i

the junction lies within the HOMOLUMO gap of the cantilevers (nominal force constant 0.06 N/m). Fresh tips were

- - etallized weekly as above with a 40 nm gold film and stored at
molecules, the transport mechanism is expected to be coh<—:treng1mosphere until use

nonresonant tunneling (analogous to “super-exchange” in Mo-  j,nctions were formed by placing the conducting tips in stationary
lecular electron-transfer theory). In this regime, the junction point contact, under controlled load, with the SAM surface. The
resistance scales exponentially with the electrode separationmechanical load was held constant using standard AFM feedback. The
1—Vs were recorded using a Keithley 236 source measure unit controlled
by a computer running LabView software. Voltages were applied to

Experimental Section
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Figure 1. Current-voltage (—V) characteristic for a CCH,)sSH
monolayer junction. The black line is a fit to the data using Equation

2 with ¢ = 2.2 eV ands = 10 A. Voltage shown is the voltage applied g Breakdown Field = 2 x 107 V/cm
to the tip; the substrate was grounded. Tip load was 1 nN. Inset shows 8
the approximately linea—V over £0.3V. 'g
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g 10 E Figure 3. (A) Breakdown (BD)I—-V curves for SAMs of different
< . thickness. (B) Breakdown voltage versus SAM thickness (number of
10 3 carbons in the alkyl chains). Each data point is the average of at least
load = 1 nN 1 five measurements. The straight line is a linear fit.
5 1 [ L 1
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Number of Carbons voltage, dependent. The slope of the linear fit corresponds to a
Fi 5 Semilod plot of | Uncti ist. SAM breakdownfield of 2x 107 V/cm, very similar to breakdown-
'gure 2. >emiiog plot of monolayer Junction resistance versus fields observed in Hg drop junctions based on SAs.
thickness (number of carbons). The data were acquired with the same . - . .
Load Dependence of the Junction Resistanc&he junction

tip at a load of 1 nN. Each data point is the average of at least five . ! .
measurements; the uncertainty is quoted as the standard deviation. Thée_SIStance IS e_xpected to d_epend on the Ioa(_i applied to the
linear fit gives a3 value of 1.19/CH, or about 1.1 AL microcontact since the SAM is compressible. Figure 4A shows
the |-V characteristics, obtained with one tip, for a dodecane
applied load to the tip microcontact was 1 nN. The trace is thiol SAM as a function of load. Thé—Vs are linear at all
sigmoidal over thet-1.5 to—1.5 V sweep, but is linear inside  loads between 2 and 150 nN. At loads greater than 150 nN the
+0.3 V. 1=V traces for SAMs composed of alkane thiols of force is enough to push through a dodecanethiol monolayer to
different lengths all showed similar sigmoidal shapes, although make Au-Au contact. In such cases, the resistances are as low
the absolute currents were a strong function of chain length andas 25Q. At low loads less than 10 nN, load variations of a few
tip radius. nN result in small differences in resistance (a few %) that are
The linear portion of thé—V characteristic betweef0.3 V within the trace-to-trace uncertainty of the measurements.
was used to define a junction resistance equal to 1/slope. Figure Figure 4B shows the decrease in junction resistance versus
2 shows a semilog plot of average junction resistance vs alkaneload. Interestingly, two distinct power law regimes (i.Bo-
thiol chain length, ranging from 4 to 12 total carbons (butyl (load)') are evident in the loglog plot in the inset. Between
thiol to dodecyl thiol). The entire data set was collected with 10 and 70 nN,n = —0.83. Above 70 nN the exponemt
the same Au-coated tip. It is clear that the resistance increasesncreases to-7.5.
exponentially with the number of carbons in the chain, as  Average junction resistances were determined as a function
expected for nonresonant electron tunneling. The slope of theof alkyl chain length for three different applied loads, 2, 10,
plot gives a tunneling constaft= 1.19/carbon or-1.1 A1, and 20 nN. Figure 5 shows average resistance versus number
Voltage excursions beyond 1.5 V typically resulted in junction of carbons taken with the same tip at three different applied
breakdown,that is, a dramatic increase in current and irreversibleloads. Within experimental error, the slopes (and hencefthe
changes to the junction properties. However, the specific values) are identical.
breakdown voltage was also chain length dependent. Figure 3A  Tip Radius Dependence of the Junction Resistanc€igure
shows typical breakdowi-V curves for alkane thiols of varying 6 displays thé—V data for two tips of different radii in contact
chain length. It is clear from Figure 3A that the breakdown with a dodecane thiol SAM at the same applied load of 2 nN.
voltage increases with the number of carbons. Figure 3B is a The tip with the larger radius of curvature shows higher currents
plot of the breakdown voltage vs number of carbons. The trend and gives a lower junction resistance, consistent with a larger
is linear, consistent with a breakdown process that is field, not microcontact area. The junction resistance for the 50 nm radius
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Figure 4. (A) |-V characteristics of a C}{lCH;)1:SH SAM as a
function of applied load on the conducting tip. Traces were acquired
with one tip. Solid lines are straight-line fits. (B) Junction resistance
vs applied load. Resistance was taken to be the reciprocal of the slope
of each straight-line fit in (A). Inset is a legog plot showing two
power law scaling regimes.
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z § + 1.0 A) according to bond length calculations. Data points for the
é benzylthiol are not visible because of the current scale. The resistances
4 displayed are taken from the linear fits. The inset shows a semilog
) plot of the data from O te-50 mV.
10° hexyl thiol junctions. The data were taken with the same tip

8 9 10 1 12
Number of Carbons and were repeated for several samples.

Figure 5. Semilog plot of average resistance vs SAM thickness using . C_urrent f\kl]oltagi Beha\rlllor of B_llayerfJu‘r‘lc_tllons._TraC(_a 3,,
the same tip at three different applied loads. Straight lines are linear in Figure 8 shows the—V characteristic of a “bilayer junction

fits. (Scheme 2B) formed by bringing asi8:;SH modified tip into
contact with a @H:7SH SAM on Au. Also shown for com-
probe is 45 M2; for the 22 nm radius probe the resistance is parison are thé—V characteristics for two different monolayer
1.2 GQ. junctions, traces 1 and 2. All three traces were taken with the
Sensitivity to Molecular Architecture. We have made a  SameAu tip so that currents are directly comparable. Trace 2
preliminary study of the dependence of the junction properties was recorded first using a bare Au probe in contact with the
on molecular architecture. Figure 7 sholwsV traces between ~ C8 SAM. This same tip was then modified by immersion in an
+50 mV for junctions based on SAMs of hexyl thiol and benzyl €thanol solution of gH,7SH for 8 h. The modified probe was
thiol, respectively. We estimate that the thickness of the films then contacted to bare Au to generate trace 1 and then contacted
is comparable, approximately 6461.0 A. As seen in the figure, 10 @ GH17SH SAM to generate trace 3.
the junction based on benzyl thiol has a resistance (X3 M All three traces are linear over the voltage range. As expected,
that is more than 10 times smaller than the resistance of thethe bilayer junction gives by far the highest resistance, namely
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Discussion

Transport Mechanism. The mechanism of transport through
these metatmolecule-metal junctions at voltages less than
breakdown is nonresonant tunneling, based on boththé
characteristics (Figure 1) and the thickness dependence of the
junction resistance (Figure 2). In Figure 1 we have compared
our experimentall—V data for an Au-CHz(CHy)eSH—AuU
junction to a simple model for coherent nonresonant tunneling
in planar metatinsulator-metal junctions’

| = I {d exp[—A$Y%s — (¢ + eV) exp[-A(p + eV)2]}
(2)

wherel is the currenty is the applied potentiagis the insulator
) thickness|o is a constantA = 2(2m)2/h wheremis the electron
0.3 0.2 -0.1 0.0 0.1 0.2 0.3 mass, ang is the mean height of the potential barrier associated
Voltage (V) with the insulator. To fit thd—V data in Figure 1lo, ¢, ands
were treated as adjustable parameters. It is evident that good
Figure 8. |-V characteristics of a bilayer junction. Trace 2 (filled agreement between the data and the model is obtainedgwith
circles), recorded first, shows tHe-V for a bare Au tip in contact =292 eV ands = 10 A. The 10 A value for the insulator
with a CH(CH,)-SH SAM. Trace 1 (filled triangles) shows the v thickness is reasonable for a @8H,)eSH SAM241n principle,
for this same tip, coated with a GHCH,);SH SAM, contacted to @ - 4,5 \ a6 ofp should be a qualitative measure of the position
clean Au surface. Trace 3 (filled squares) shows this coated tip in : .
contact with an Ch(CH,);SH SAM, creating the bilayer architecture. of the Ferml level &) W'th,'n the H,OMO_LUMO gap. The
The inset shows a semilog plot from 0 4€0.3 V. key point that we emphasize now is that eq 2, which is based
on a very simple model of nonresonant tunneling, gives a
unctions reasonable description of our obsenleeV data.
T It can be shown that for small voltages eq 2 reducé$ to

Current (n A)

Bilayer J
T

T T

| = 10" expl-Ap s = 19"V expl-p  (3)

where the structure dependent prefagiar Agl’2 has units of
1/length. Equation 3 shows thhis directly proportional to/
and also depends exponentially on the barrier widtfQver
small voltage ranges;0.3 V, the measureld-V characteristics
for the SAM junctions are indeed linear, Figure 1, and Figure
2 shows that the junction resistances increase exponentially with
SAM thickness. From the slope of the semilog plot in Figure
. 2, we determine the prefactgrto be 1.19 per-CH,— or ~1.1
| | 1 Ioadf 1 nN lE A-125This value is in good agreement withvalues determined
12 13 14 15 16 17 18 for alkane chains in STM studies (1.2, Hg drop junctions
Number of Carbons (0.9 A~1),12 and electrochemical experimentsX A~1).8¢ The
fact that we are able to fit the junction characteristics with a
Figure 9. Semilog plot of bilayer junction resistance vs SAM thickness  simple model for transport through a metaisulator-metal
(number of carbons). Each data point is the average at least 6junction and that we obtain reasonable valuesfF@upports
_rlt\r:aasurertr)]entsf. Th%uncgrtalm(tjy bars inpfrestehnt tthegf’:‘/ldar%dfev'atfn%he conclusion that the transport mechanism is coherent non-
€ number or carbons Incluaes eig or the tp and from ; :
to 10 for the surface SAM. The linear fit givegbavalue of 1.16/CH, resonant tunneling. Ou_r resglts alsp suggest that formatl_on of
or about 1.1 AL The data were acquired with the same tip at 1 nN _metakr_nOIeCUIe_metal junctions using condL_Jc_tlng AFM.tlpS
load. is a reliable and useful approach to determining the distance
dependence of electron tunneling in molecules.

20 GQ. The trace 1 and trace 2 junction resistances are 0.2 and -0ad Dependence and Contact AreaThe ability to vary

2 GQ, respectively, implying that the molecular configurations the 10ad applied to the tipSAM contact is a unique charac-
in the junctions are not equivalent. teristic of our junctions and allows us to probe the effect of

Figure 9 shows a semilog plot of the average resistance for mechanical deformation of the SAM on the junction resistance.
a bilayer junction as a function of number of carbons, or bilayer Figure 4 shows that over a range-e150 nN, resistance of the
thickness. “Number of carbons” was computed by adding the junction decreases as load increases. This is expected since
carbon chain length for the tip-bound molecules to the chain increasing the load should (1) increase the-§AM contact
length for the substrate-bound molecules. As Scheme 2B aréa and (2) compress the SAM, making the tunneling barrier
indicates, these experiments were accomplished by bringing thethinner. The log-log plot in Figure 4B of resistance versus load
same C8-modified tip into contact with SAMs having different  Shows two distinct scaling regimes. Between 10 and 70 nN
chain lengths. The Figure 9 plot is linear, indicating exponential ~ (23) Simmons, J. GJ. Appl. Phys1963 34, 1793-1803.
dependence of the junction resistance on the bilayer thickness. (24) Troughton, E. B.; Bain, C. D.; Whitesides, G. M.; Nuzzo, R. G.;
Furthermore, we find from this plot th@= 1.07 A%, which A”e("zrg') IE;' (':-C-);nsgrrtti?]g m-e Eﬂﬁﬁ?%#éﬁ?&f’ C3|i)5‘t 35}\5;1 we have esti
IS remarkab_')/ similar to thg obtained for monolayer junctions  mated that on average eaetCH,— group increases the SAM thickness
(1.1 AY), Figure 2. by 1.1 A.

B=1.16/Me (1.07 A™)

Average R(Q)
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resistance scales as (loal§3 At loads greater than 90 nN,
we observe a much steeper dependence, resisfaioad) 7>
Extrapolation of the linear fits indicates that the transition
between the two regimes occurs at just over 70 nN.
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Figure 5, which shows that the value varies by only about
20% over applied loads ranging from 2 to 20 nN. Thus, it does
not appear that the electrostatic force between the tip and
substrate significantly impacts our measurements.

The power law exponent in the low-load regime is reasonably ~ An explanation for why small load variations of 1 nN or less
close to the expected scaling based on Hertzian contactdo not affect the junction characteristics, at low applied loads

mechanics. The Hertz modelpredicts that the tipSAM
contact area should scale as (IG&djneaning resistance, which

in particular, is that there is substantial adhesion between the
tip and the SAM. Measured tpSAM pull-off forces are

is inversely proportional to the contact area, could be expected10—15 nN, depending on tip radius, meaning that even at zero
to scale as (loady¢”. The fact that a stronger dependence is appliedmechanical load, there is an effective-116 nN load
observed may reflect the fact that the junction resistance doeson the junction. We estimate tha 1 nNvariation in applied

not only depend on the tipSAM contact area but also the extent load results in a 3% change in the junction contact area, and
of SAM compression. thus a small change in resistarie.

We hypothesize that the scaling transition a70 nN We can also estimate the contact area using contact mechanics
corresponds to an abrupt change in the structure of the com-equations. For a tip witR = 50 nm placed in contact with the
pressed SAM. Indeed, previous AFM imaging studies of alkane SAM at an applied load of 1 nN, we calculate a 15%area’
thiol SAMs have shown that abrupt changes in lattice symmetry On the basis of a full alkane thiol coverage 0&910-1° mol/
are observed upon exceeding a critical load on the’’tip. cm? (5 molecules/nrd), the junction involves approximately 75
Salmeron and co-workeé¥® reported that, at tip pressures molecules!
less than 1 GPa, the/8 x +/3)R3(° lattice characteristic of Junction Breakdown. The data in Figure 3A show that
alkane thiols SAMs is observed but that, as tip pressure is breakdown (BD) occurs at a critical field strength 08210’
increased, the resolution degrades. Above a critical pressure ofV/cm (~0.2 V/CH,) for SAMs of all thicknesses, which is in
~2.3 GPa the images revealed the underlying Au(111) lattice. the range of reported BD strengths for bulk polyethylene
These workers conjectured that increased pressure produced(0.8-8) x 107 V/cm).22 If all of the voltage applied to the
disorder in the SAM that degraded resolution, and above the junction were droppedat the contactsone would expect that
critical pressure it appeared that the tip displaced the thiol the BD voltage would be the same for all SAMs, that is, it would
molecules. Monte Carlo calculations by Siepnt&rindicated be independent of SAM thickness. Because this is not the case,
that gauche defects are induced in alkane thiol SAMs upon at least some of the voltage is dropped across the molecule,
increasing pressure, supporting the idea of pressure-inducedand the molecule supports an internal field (see Scheme 1B).
disorder. The data shown in Figure 4 were taken with a 50 nm  The load due to electrostatic attraction of the tip to the
radius probe, which means our 70 nN critical load corresponds substrate at BD voltages-(..5 V) is only a few nN which is
to ~5 GPa. The detailed relationship between the imaging well below the loads known to cause collapse of crystalline order
studies and our resistance versus load measurements remaing SAMs27 Thus, we think it is unlikely that BD is due to
to be determined in further experiments. However, it does seemmechanical collapse of our junctions. BD is more likely caused
plausible that the two power law regimes in Figure 4B are due by an electronic process. However, we are not sure at this time
to load-induced structural transitions in the SAM, perhaps whether BD involves electronic processes in the molecule or at
introduction of chain kinks at loads less than 70 nN and then the molecule-metal interfaces. In an extensive investigation of
actual displacement of molecules above that load. ResistanceBD in Hg/SAM/Ag junctions, Whitesides et al. also concluded
measurements as a function of load may prove to be a sensitivehat BD cannot simply be attributed to mechanical collapse of
and general method for investigating structural deformations their junctions, but an electronic mechanism was not offé#ed.
in monolayer films. Molecular Architecture and Bilayer Junctions. Figure 7

During ourl—V measurements there is a small “electrostatic is a demonstration that our junctions are sensitive to molecular
load” on the junction in addition to the mechanical load applied architecture. We have found that the resistance of junctions
by the cantilever. This electrostatic force arises from the based on benzyl thiol SAMs are more than 10 times smaller
attraction between the tip and substrate as the voltage on thethan junctions based on an alkane thiol SAM of comparable
tip is increased. Approximating the tip as a sphere of raijus length. Becaus&pomo-Lumo Of the phenyl ring is~4 eV and
this electrostatic or capacitance force can be estimaté by  Epomo-Lumo Of the alkyl chain is~8 eV, the smaller resistance
for benzyl thiol is expected;* although detailed calculations
of the junction transport properties are required to understand
these results quantitatively.

The ability to measure the junction resistance with molecules
chemisorbed to the tip is important because it offers the

_ 2 R
F(2) = neV [Z(Z " R)] (4)

wherez is the thickness of the intervening dielectréicis the
permittivity of the dielectric, and/ is the applied voltage. At 1

V applied tip bias, the calculated electrostatic load-is nN.

At 0.3 V, which was the maximum voltage for many of our
measurements, the load 480.1 nN. Inspection of Figure 4
shows that the junction resistance is relatively insensitive to
smallload variations on the order of 1 nN. This is also seen in

(30) Radiusa, of the tip—~SAM contact is given by Hertzian mechanics
as,a = (RFwnied/K)13 (see ref 26), wher® is the radius of the tipFappiied
is the load on the microcontact, akds an elastic modulus. Takirféappiied
to be 16 nN (the sum of the 15 nN adhesive or pull-off load and the 1 nN
applied load)R = 50 nm, anK = 77 GPa for Au (ignoring the mechanical
properties of the SAM), givea = 2.2 nm, corresponding to a contact area
of 15 nn?- IncreasingFappieato 17 NN increases the estimated contact area
by 3% to 15.5 nrh

(31) The number of molecules involved in charge transport may be
greater than 75 if a significant portion of the measured current results from
electrons that tunnel between the tip and the substrate just outside the
perimeter of the microcontact. Further studies are needed to pinpoint the
effective cross-sectional area available for electron tunneling in the junction.

(32) (a) leda, M.; Nagao, M.; Sawa, (EEE Conf. On Dielectr. Mater.,
Meas., and Appl.1979 177, 185-188. (b) Whitehead, SDielectric
Breakdown of SoligsOxford University Press: Oxford, U.K., 1953.

(26) Johnson, K. LContact MechanigsCambridge University Press:
1985, 84-106.

(27) (a) Touzov, I.; Gorman, C. B.. Phys. Chem. B997, 101, 5263.
(b) Lio, A.; Morant, C.; Ogletree, D. F.; Salmeron, M. Phys. Chem. B
1997 101, 476F+4773.

(28) Siepmann, J. |.; McDonald, I. FPhys. Re. Lett 1993 70, 453.

(29) Hudlet, S.; Saint Jean, M.; Guthmann, C.; BergeEut. Phys. J.
B 199§ 2, 5-10.
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opportunity to probe the effects of functional group interactions teristics are sensitive to the applied load on the tip contact, the

between proximal monolayers. In Figure 9, we show thapthe tip radius, the HOMG-LUMO gap of the SAM molecules, and

value for these bilayer junctions is identical, within experimental the presence of chemisorbed molecules on the tip. We have

error, to thef value obtained for monolayer junctions. That is been able to determing values reproducibly for alkane thiol

not surprising because in these bilayer experiments only the SAMs in both monolayer and bilayer configurations. Further

chain lengths of the molecules on the substrate SAM were studies that probe the role of functional groups and applied load

varied; the SAM on the tip was alwaysld;7SH. If the chain on the junctionl—V characteristics appear to be promising

length of the tip SAM is varied instead, we have preliminary avenues.

evidence that thg value is not the same as that of the monolayer

junction33 This may be because the organization of the alkane ~ Acknowledgment. C.D.F. thanks the National Science

thiols on the tip is more defective. Foundation (DMR No. 9624154) and the David and Lucile
In summary, we have shown that CP-AFM provides a useful Packard Foundation for supporting this work.

approach to the formation of metaiolecule-metal junctions JA0101532

and the study of electron transfer in molecules that can be

assembled on conducting substrates. The jundtiovicharac- (33) Wold, D. J.; Frisbie, C. D., unpublished results.




