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Room-temperature charge transport is investigated for various-length alkanethiol self-assembled monolayers
using three different characterization methods, in which lateral areas span from the nanometer to the micrometer
scale. In each method, the measured current-voltage characteristics are analyzed with metal-insulator-
metal tunneling models. Transport parameters are determined where possible and compared across methods,
as well as to previously reported values. Advantages and limitations of each method for characterizing molecular
junctions are highlighted.

1. Introduction

There has been recent interest in molecular-scale charge
transport, and the physics underlying molecular-scale charge
transport remains an exciting and open area of active research.1-3

For example, when a molecular layer with a large HOMO-
LUMO gap (HOMO, highest occupied molecular orbital;
LUMO, lowest unoccupied molecular orbital) is sandwiched
between two metal contacts, a well-defined metal-insulator-
metal (M-I-M) tunneling is expected. One molecular system
that has been studied extensively is the alkanethiol [CH3-
(CH2)n-1SH] self-assembled monolayer (SAM).4 Scanning tun-
neling microscopy,5,6 conducting atomic force microscopy
(CAFM),7-10 mercury-drop junctions,11-14 cross-wire junc-
tions,15 and electrochemical methods16-18 have been used to
investigate electron transport through alkanethiol SAMs. The
charge transport through alkanethiol SAMs is expected to be
tunneling because the Fermi levels of the contacts lie within
the large HOMO-LUMO gap (∼8 eV) of these short (1-2.5
nm) alkanethiol molecules.19-21 It has been recently shown that
tunneling is the main conduction mechanism through alkanethiol
SAMs in the absence of parasitic parallel paths.22

Unfortunately, the characterization of charge transport in
molecular-scale electronic systems has to date been dependent
on specifics of device fabrication and preparation, as evidenced
by the wide dispersion of results for the alkanethiol molecular
system,5-14,16-18 summarized in Table 1. None of these studies
have attempted to resolve the obvious differences between the
methods.

In this study, tunneling characteristics of molecular M-I-M
systems are investigated using three different methods: (1)
conducting atomic force microscopy of a SAM on a planar
surface (defined as “CAFM-planar”), (2) a system using an
optically defined etched mesa structure of micrometer lateral
dimensions (“monolithic mesa”), and (3) a nanometer-sized
system that has successfully been used to characterize a variety

of molecules, a nanopore.22,27,28 In each method, alkanethiol
SAMs were formed on Au electrode surfaces in an identical
manner via chemisorbed Au-thiol bond formation under similar
chemical conditions (the other electrode contact was made via
physisorption), creating a M-I-M system. Each method was
then characterized using methods unique to the geometry and
scale of the system. The measuredI(V) data are compared with
theoretical models of M-I-M tunneling. I(V) measurements
on various alkanethiols of different molecular lengths are also
performed for the study of length-dependent tunneling behavior.
Tunneling current densities, tunneling barrier height, electron
effective mass, and decay coefficients are determined where
possible from measured results and compared between the
different structures. A comparison of results and subsequent
analysis from each method is presented, and advantages and
limitations are discussed.

2. Experimental Section

2.1. Alkanethiol Deposition.For our experiments, a∼5 mM
alkanethiol solution was prepared by adding∼10 µL alkane-
thiols into ∼10 mL ethanol.29 The deposition was done in
solution for 1-2 days inside a nitrogen-filled glovebox with
an oxygen level of less than 100 ppm. Alkanethiol molecules
of varying molecular lengths, octanethiol (CH3(CH2)7SH,
denoted as C8, for the number of alkyl units), decanethiol
(CH3(CH2)9SH, C10), dodecanethiol (CH3(CH2)11SH, C12),
tetradecanethiol (CH3(CH2)13SH, C14), and hexadecanethiol
(CH3(CH2)15SH, C16) were used to form the active molecular
component.29 As a representative example, the chemical struc-
ture of octanethiol is shown in Figure 1c.

2.2. Fabrication and Characterization. Charge-transport
measurements on alkanethiol SAMs were performed using three
types of methods, as schematically illustrated in Figure 1: (1)
The CAFM-planar method (Figure 1a) presents an atomically
flat Au surface (Au(250 nm)/Cr(3 nm) thickness) on glass
prepared by hydrogen flame annealing. (2) The monolithic mesa
(Figure 1b) is a 3.3× 3.3 mm2 silicon chip with microscale
structures that was fabricated by conventional microlithography.
Figure 2 shows a series of images of microfabricated monolithic
mesas. The size of the electrode surface available for SAM
formation varies from 1µm to 100µm. In these devices, the
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Au surface is exposed by etching through a 100 nm thick SiO2

overlayer using standard microlithographic fabrication tech-
niques. The diameter of these smallest circular Au structures
was determined as 960( 60 nm from AFM images on various
devices. (3) The nanopore (Figure 1c) is a single nanoscale
device structure on a 3.5× 3.5 mm2 silicon chip and has been
described in detail previously.22,27,28,30The average diameter of
device size (junction area) was determined to be 45-50 nm
from scanning electron microscope (SEM) images.22

For the CAFM-planar method, alkanethiol SAMs were
deposited and then the surface was characterized via the CAFM
technique at room temperature in an ambient environment.31,32

For nanopore and monolithic mesa methods, alkanethiol SAMs
were formed (chemisorbed) on exposed Au surfaces, and the
other (physisorbed) contact (∼100 nm Au) was made by thermal
evaporation under the pressure of∼10-8 Torr. The evaporation
was done with the chips in contact with a liquid nitrogen cooled
cold stage in order to avoid thermal damage to the molecular

TABLE 1: Summary of Alkanethiol Tunneling Characteristic Parametersa

junction â (Å-1) J (A/cm2) at 1 V ΦB (eV) technique ref

(bilayer) monothiol 0.87( 0.1 25-200b 2.1f Hg-junction 11
(bilayer) monothiol 0.71( 0.08 0.7-3.5b Hg-junction 13
monothiol 0.79( 0.01 1500( 200c 1.4f solid M-I-M 22
monothiol 1.2 STM 5
dithiol 0.8( 0.08 3.7-5 × 105 d 5 ( 2g STM 6
monothiol 0.73-0.95 1100-1900e 2.2f CAFM 7
monothiol 0.64-0.8 10-50e 2.3f CAFM 9
dithiol 0.46( 0.02 3-6 × 105 d 1.3-1.5f CAFM 10
monothiol 1.37( 0.03 1.8g tuning fork AFM 23
monothiol 0.97( 0.04 electrochemical 16
monothiol 0.85 electrochemical 17
monothiol 0.91( 0.08 electrochemical 18
monothiol 0.76 2× 104 (at 0.1 V)d 1.3-3.4h theory 24
monothiol 0.76 theory 25
monothiol 0.79 theory 26

a Note: Some decay coefficientsâ were converted into the unit of Å-1 from the unit of per methylene. Current densities (J) for C12 monothiol
or dithiol at 1 V are extrapolated from published results for other length molecules by using the conductance∝ exp(-âd) relationship. Although
current density may be crudely converted to current per molecule by multiplying current density with the area of single molecule (0.217 nm2), this
assumes the current flowing through many molecules is directly proportional to the number of molecules. This assumption requires a more thorough
quantitative analysis as other mechanisms may affect charge transport in many-molecule systems.47 b Junction areas estimated by optical microscope.
c Junction areas estimated by SEM.d Junction areas estimated by assuming single molecule.e Junction areas estimated by Hertzian contact theory.
f Barrier heightΦB values were obtained from the Simmons equation.g Barrier heightΦB values were obtained from bias-dependence ofâ. h Barrier
heightΦB values were obtained from a theoretical calculation.

Figure 1. Schematics of three types of characterization methods used in this study. (a) CAFM-planar: conducting atomic force microscopy on
alkanethiol SAMs on an atomically flat Au surface. (b) Monolithic mesa: the typical junction area is∼960 nm in diameter. (c) Nanopore: top
schematic is the cross section of a silicon wafer with a nanometer-scale pore etched through a suspended silicon nitride membrane. Middle and
bottom schematics show a Au/SAM/Au junction (area∼45 nm in diameter) formed in the pore area. The structure of octanethiol is shown as an
example.
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layer.22,33 Room-temperature two-terminal DCI(V) measure-
ments were performed using semiconductor parameter analyzers
(HP4145B and Agilent 4156B).

3. Theoretical Basis

3.1. Tunneling Model.The simplest model to describe the
tunneling behavior through alkanethiol M-I-M systems is the
Simmons model.34,35 The temperature-independent tunneling
current densityJ through an alkanethiol tunnel barrier is
expressed as11,22,34

wherem is electron mass,d is barrier width,ΦB is barrier height,
V is the applied bias, andh (2πp) is Planck’s constant. For
molecular M-I-M systems, the Simmons model has been
modified with a parameterR.11,22 The R parameter provides
either a way of applying the tunneling model of a rectangular
barrier to tunneling through a nonrectangular barrier11 or an
adjustment to account for the effective mass (m*) of the
tunneling electrons through a rectangular barrier.9,22,26,36 By
fitting individual I(V) data using eq 1,ΦB andR values can be
obtained.

In the low-bias region, eq 1 can be approximated as22,34

where the tunneling decay coefficientâ can be defined fromJ
∝ (1/d) exp(-âd) as

Thusâ values can be calculated usingΦB andR values obtained
from I(V) data fittings.

3.2. Length-Dependent Tunneling.The conductanceG
through alkanethiol SAMs has shown an exponential dependence
on the barrier widthd as5-14,22

where â is the decay coefficient. This equation has been
generally used to determineâ values from length-dependent
measurements and analysis.5-14,22

One should note thatâ values obtained via eq 2b are from
fitting individual I(V) measurements for specific molecules,
while â values from eq 3 are obtained from fitting conductance
data collected from various molecules with different lengths.

4. Results

4.1. CAFM-Planar Method. I(V) characterization was
performed on alkanethiol SAMs formed on planar annealed gold

Figure 2. Monolithic mesa devices. (a) Optical image of a 3.3 mm× 3.3 mm chip after top Au metallization (circled in the center). Black objects
around the chip are probing needles. (b) AFM image of central area of a chip (circled in a before the top Au metallization). (c) 8µm × 8 µm AFM
image showing a microscale device (circled in b). (d) A cross-sectional profile obtained along the line shown in c.
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substrates by the CAFM technique, as illustrated in Figure 1a.
This CAFM-planar method presents an atomically flat uniform
surface for optimal probing of SAM-deposited samples using
AFM techniques. The probe is in direct contact with the sample,
which a priori would appear to minimize vacuum tunneling
effects and ensure that the applied bias represents the voltage
drop directly across the coated substrate (unlike STM measure-
ments which have an unknown impedance tunneling gap).

Figure 3 showsI(V) characteristics measured (symbols) on
C12 with a loading force of 10 nN at room temperature. A curve
fitting using the tunneling model (eq 1) is plotted as a solid
curve in this figure, demonstrating that the mechanism appears
to be tunneling. For this device, the optimum fitting parameters
were found asΦB ) 2.57 eV andR ) 0.56 for positive bias
region andΦB ) 2.93 eV andR ) 0.53 for negative bias region.
The I(V) plots exhibit a slight asymmetry, which is consistent
with the M-I-M system under test (one end of the molecule
is chemisorbed to the bottom contact and the other end is in
physical contact to the top probe). The conductance (in the low-
bias range,V e |0.5|V) is 7.4 nS, and the current density (at
1.0 V) is∼110 A/cm2, assuming a (calculated) contact junction
diameter of∼16.6 nm using methods described shortly. This
current density is in reasonable agreement with those listed in
Table 1.

To verify a tunneling dependence, theI(V) characteristics can
be further examined by the length-dependent tunneling behavior
(eq 3). Figure 4 is a semilog plot of the low-bias regime
conductance as a function of the molecular length for C8, C10,
C12, C14, and C16 alkanethiols at a fixed force of 20 nN. The
error ranges were determined statistically from different mea-
surements on various sample positions. The molecular lengths
used in this plot are 13.3, 15.7, 18.2, 20.7, and 23.2 Å for from
C8 to C16 alkanethiols (each molecular length was determined
by adding an Au-thiol bonding length to the length of
molecule).8 Note that these lengths assume “through-bond”
tunneling, that is, along the tilted molecular chains between the
metal contacts.8,9,18,37The conductance shows an overall expo-
nential dependence on molecular length corresponding to aâ
value of 1.04( 0.20 Å-1. This value is in reasonable agreement
with previously reportedâ values listed in Table 1.

From these results, including the good fit to the Simmons
model, it may appear that the CAFM method is a valid,
appealing (due to imaging capability), and easily accessible

approach to measuring electronic transport across monolayers,
however, results require careful analysis. Consider theI(V) data
for C12 measured with increasing probe-loading forces in Figure
5a. The current increases with increasing force. Although this
is qualitatively expected due to increasing contact junction area
for increasing force, the current density values should remain
constant if probe does not penetrate or deform the molecular
layer. This assumption must be more carefully analyzed
quantitatively.

The current density may be calculated by estimating a contact
junction area for a given loading force using a Hertzian elastic
contact model.7,9,38,39The radiusa of the contact junction area
by the CAFM probe may be estimated (when adhesion between
the probe and sample is considered) as39

whereR is the radius of the CAFM probe tip (for our system,
90 ( 20 nm from SEM images on various probes),Pn is the
net force (sum of applied loading force P and terms due to
adhesion force),Γ ) 2Pc/3πR is the adhesion energy per unit
area related to adhesion forcePc (Pc ) 16 nN observed from
force-distance characterization), andK ) (4/3)[(1 - ν1

2)/E1 +
(1 - ν2

2)/E2]-1 (E1, ν1, E2, andν2 are Young’s modulus and
Poisson’s ratio of the sample and Au-coated AFM probe,
respectively). AppropriateE1, ν1, E2, and ν2 values are not
available, but assumingE1 ≈ 10 GPa,39a,40aE2 ≈ 69 GPa,40b

and ν1 ≈ ν2 ≈ 0.339,40c compared to similar materials and
structures, K may be calculated as∼13 GPa. Note others have
either not considered or simplified the adhesion terms between
probe and sample, obtaining the radius of contact junction area
as simply (RP/K)1/3.7,9 An electrostatic capacitive force between
sample and probe has been reported to cause an additional
adhesive force;41 however, it does not significantly contribute
to a modification in the contact junction area due to the relatively
low applied bias range employed in this study.

By use of eq 4 andI(V) data in Figure 5a, the diameters of
the contact junction areas were estimated to be∼16.0, 16.6,
17.1, and 17.7 nm, with current densities for C12 at 1.0 V of
∼40, 110, 200, and 510 A/cm2 for applied forces of 5, 10, 15,
and 20 nN, respectively. Note that the current densities are not

Figure 3. I(V) characteristics of the C12 SAM formed in the CAFM-
planar structure at probe-loading force of 10 nN in semilog scale and
linear scale (inset).

Figure 4. Semilog plot of conductance of C8, C10, C12, C14, and
C16 SAMs formed in the CAFM-planar structure vs molecular lengths
(at fixed F ) 20 nN). The line through the data point is exponential
fitting.

a3 ) (R/K)Pn )

(R/K){P + 3ΓπR + (6ΓπRP+ (3ΓπR)2)1/2} (4)
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constant but increase with increasing force, which implies a
partial penetration or deformation of the SAM layer by the probe
tip.42

This can be checked with a resistance-force relationship.
According to eq 4, the resistance should be proportional toPn

-2/3

if there is no SAM penetration or deformation.7 The resistance
as a function of the net force is plotted in semilog scale in Figure
6a. A plot of log(R) vs log(Pn), inset in Figure 6b, gives an
exponent of∼ -14, instead of-2/3, which is expected for the
case of no penetration or deformation of the molecular layer.43

This indicates that the CAFM tip in this study not only creates
a force-dependent contact junction area41 but also complicates
the analysis by penetration and/or deformation of the molecular
layer.42

It has been reported that deformed SAMs give through-bond
tunneling characteristics identical to nondeformed SAMs.9

However, there is no independent experimental evidence that
deformation caused by a CAFM tip only changes tilt angle,
without structural change or damage of a SAM. A detailed fit
of the I(V) characteristics (Figure 3) gave{ΦB ) 2.57 eV,R )
0.56} and{ΦB ) 2.93 eV,R ) 0.53} for positive and negative
bias regimes, respectively, which differ greatly from the values
of {ΦB ) 1.39 ( 0.01 eV,R ) 0.65 ( 0.01} obtained from
temperature-variableI(V) (I(V,T)) and length-dependent mea-
surements using the nanopore method.22 By use of these
published values, one then obtains a contact area diameter of

∼4.1 nm (using eq 1), significantly different from the diameter
(∼16.6 nm) obtained with the widely used estimation procedure
for contact junction area (eq 4). These inconsistencies indicate
a problem with this CAFM method, suggesting that the transport
we have characterized through a deformed SAM involves more
than just through-bond tunneling.

A thorough study to determine transport parameters requires
not only verification in the nondeformation regime but, more
importantly, variable temperature studies to eliminate parasitic
leakage or other transport mechanisms (which applies to both
the deformation or nondeformation regimes). Because of the
relative experimental difficulty in achieving this (to date, this
has not been reported by others), it eliminates the apparent
advantages of the CAFM technique. Without doing both
adhesion force analysis to rule out deformation or penetration
and a complimentary (and simultaneous) temperature dependent
characterization, transport results from CAFM measurements
should be considered carefully and treated as not broadly
applicable to determining molecular conductivity properties.
Thus, agreement of derived values (such asâ) with other
published results must be viewed as fortuitous in part due to
the relative large uncertainty in the derived values.

4.2. Monolithic Mesa Method.I(V) characterization was also
performed on alkanethiol SAMs formed on exposed Au surfaces
made by the monolithic mesa method, as illustrated in Figures
1b and 2. Each chip fabricated in this method contains multiple
exposed electrode surfaces of various sizes that fan out to contact
pads comparable for standard IC chip characterization and
packaging (e.g., automated probing and wire bonding), hence
allowing large numbers of chips and devices to be readily
manufactured.

Figure 6 shows a representativeI(V) characteristic of a C12
SAM measured (symbols) with this method. Positive bias
corresponds to electrons flowing from the physisorbed Au
contact (top contact in Figure 1b) into the molecules. Similarly,
the fitted calculation results using eq 1 are plotted as a solid
curve in Figure 6. The optimum fitting parameters were found
to be{ΦB ) 1.32( 0.02 eV andR ) 0.64( 0.01} where the
error ranges ofΦB andR are determined by the junction area
fluctuations (960( 60 nm). The current density for this device
was estimated using the junction area of 960( 60 nm in
diameter obtained from AFM study; and determined to be 3 300
( 400 A/cm2 (at 1.0 V). TheI(V) shape and current density
appear to follow tunneling transport behavior.

Figure 5. (a) I(V) characteristics of the C12 SAMs formed in the
CAFM-planar structure for probe-loading forces from 5 to 20 nN. (b)
Semilog plot of resistance of C12 SAMs vs loading force. Inset shows
a plot of the log(resistance,R) vs log(net force,F*) with a line fit.

Figure 6. I(V) characteristic of the C12 SAM formed in the monolithic
mesa structure in semilog scale and linear scale (inset).
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Length-dependent tunneling behavior was also investigated.
Figure 7a is a semilog plot of tunneling current densities (at
various voltages) as a function of the molecular length for
various alkanethiols. The tunneling current densities show an
overall exponential trend on the molecular length.44 Theâ values
were determined from the slope at each bias and are plotted in
Figure 7b where the uncertainties were obtained by linear fitting
errors. Theâ values from 0 to 0.5 V are averaged as 1.02(
0.20 Å-1. This averageâ value agrees well with the previously
reported â values listed in Table 1. However, the large
uncertainty inâ values reflects the dispersion in current densities
for various alkanethiols and problems with this method.

Specifically, the currents of the C10 and C12 devices were
observed to be similar as shown in Figure 8. This is clearly not
consistent with a tunneling dependence and may be due to
various defects, such as grain boundaries in the SAM (molecular
junctions in similar microscale devices have shown large
sample-to-sample variations in current densities).45 Thus, tem-
perature-dependent measurements were attempted on these
devices to further quantify the mechanisms, and it was found
that these devices would not thermally cycle (failing within tens
of degrees below room temperature), suggesting unstable
molecule/metal contacts. Further, a relatively low device yield
(typically less than∼0.5%) compared to the nanopore method
(see below) was observed. This low yield prevents one from
exploiting the potential of fabricating large numbers of working
devices to be characterized and analyzed using an automated

wafer-level IC characterization. Therefore, this monolithic mesa
method is not a satisfactory approach for characterizing mo-
lecular M-I-M systems.

4.3. Nanopore Method.Figure 9 shows representativeI(V)
characteristics of C8, C12, and C16 SAMs measured (symbols)
with the nanopore method as shown in Figure 1c. Positive bias
corresponds to electrons flowing from the physisorbed Au
contact (bottom contact in Figure 1c) into the molecules. By
use of the contact area of 50( 8 nm (for the C8 device) and
45 ( 2 nm in diameter (for the C12 and C16 devices),22 the
current densities of 31 000( 10 000, 1 500( 200, and 23(

Figure 7. (a) Semilog plot of tunneling current densities (from Figure
6) vs molecular lengths. The lines through the data points are
exponential fittings. (b) Plot ofâ vs bias.

Figure 8. C10 and C12I(V) data show similar current values.

Figure 9. I(V) characteristics of C8, C12, and C16 SAMs formed in
a nanopore structure. Measured data (symbols) are compared with
calculations (solid curves) using the optimum fitting parameters ofΦΒ

andR.
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2 A/cm2 at 1.0 V are determined for C8, C12, and C16,
respectively. A more ideal (less parasitic) C8 sample supercedes
that of previous reports,22 and derived parameters from the two
data sets agree within a standard error. From previously reported
temperature-independentI(V) measurement results using this
device structure, tunneling has been shown to be the main
conduction mechanism occurring through alkanethiol SAMs.22

Similarly, I(V) results were further analyzed using two tunneling
models: (1) fitting to the modified Simmons tunneling model
(eq 1) and (2) molecular length-dependent tunneling analysis
(eq 3). Tunneling parameters derived from these analysis are
then compared.

The optimum fitting parametersΦB and R (by minimizing
ø2) for the I(V) data from curve fitting with eq 1 were found to
be{ΦB ) 1.83( 0.10 eV andR ) 0.61( 0.01}, {ΦB ) 1.42
( 0.04 eV andR ) 0.65( 0.01}, and{ΦB ) 1.40( 0.03 eV
and R ) 0.68 ( 0.01} for C8, C12, and C16I(V) data,
respectively. Uncertainties in these fits are dominated by
fluctuations in the sample-to-sample junction area. These
calculation results are plotted as solid curves in Figure 9. For
the case of a rectangular barrier limit, theR parameter fits
presented above correspond to an effective massm* ()R2m)
of 0.37, 0.42, and 0.46 m for C8, C12, and C16, respectively.

Figure 10a is a length-dependent plot; a semilog plot of
tunneling current densities at various voltages as a function of
the molecular length for these alkanethiols. The tunneling current
densities show exponential dependence on molecular length. The
â values can be determined from the slope at each bias and are
plotted in Figure 10b. The uncertainty of an individualâ value
in this plot was obtained from the linear fitting errors. This gives
a â value from 0.84 to 0.73 Å-1 in the bias range from 0.1 to
1.0 V. Increasing the bias voltage effectively lowers the barrier,

hence decreasing theâ value. This is particularly pronounced
for applied voltages larger than 0.5 V. As shown previously,
the calculatedâ values are almost independent of bias in the
low-bias range (V < ∼0.5 V),22 which gives an averageâ )
0.83( 0.04 Å-1 in the low-bias region (from 0 to 0.5 V) from
Figure 10b. Theâ value (0.83( 0.04 Å-1 ≈ 1.03( 0.05 per
methylene) for alkanethiols reported here is comparable to
previously reported values as summarized in Table 1. Combining
values from bothI(V,T) fittings (for different lengths) and length
dependence gives an average values ofΦB ) 1.39( 0.01 eV
andR ) 0.65 ( 0.01.22

To investigate the dependency of the Simmons model onΦB

and R, a fitting minimization analysis was undertaken on the
individual ΦB andR values as well as their product form ofR
ΦB

1/2 in eq 2b.∆(ΦB,R) ) (Σ|Iexp,V - Ical,V |2 )1/2 was calculated
and plotted whereIexp,V is the experimental current-voltage
values andIcal,V is calculated using eq 1. Different{ΦB, R}
pairs (7 500) were used in the fittings, withΦB ranging from
1.0 to 2.5 eV (0.01-eV increment) andR from 0.5 to 1.0 (0.01
increment). Figure 11a is a representative contour plot of
∆(ΦB,R) vs ΦB andR values generated for the C12I(V) data
where darker regions correspond to smaller∆(ΦB,R) and various
shades represent half order of magnitude∆(ΦB,R) steps. The

Figure 10. (a) Semilog plot of tunneling current densities (from Figure
7) vs molecular lengths. The lines through the data points are
exponential fittings. (b) Plot ofâ vs bias.

Figure 11. (a) Contour plot of∆(ΦB,R) values for the C12 nanopore
device as a function ofΦB andR, where the darker region corresponds
to a better fitting. Inset shows detail minimization fitting regions. (b)
A plot of ∆(ΦB,R) as a function ofRΦΒ

1/2.
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dark regions represent better fits of eq 1 to the measuredI(V)
data. In the inset in Figure 11a, one can see there is a range of
possibleΦB andR values yielding minimum-fitting parameters.
Although the tunneling parameters determined from the previous
Simmons tunneling fitting{ΦB ) 1.42 eV andR ) 0.65} lie
within this minimum region in this figure, there is a distribution
of other possible values.

A plot of ∆(ΦB,R) vs RΦB
1/2 for the same device reveals a

more pronounced dependence and is shown in Figure 11b. This
plot indicates that the fitting to the Simmons model sharply
depends on the product ofRΦB

1/2. For this plot, the∆(ΦB,R) is
minimized atRΦB

1/2 of 0.77 (eV)1/2, corresponding to aâ value
of 0.79 Å-1 from eq 2b. Thisâ value agrees with the value
(0.83 ( 0.04 Å-1) determined from the length-dependent
analysis. The C8 and C16 nanopore devices showed similar
results, indicating the Simmons tunneling model has a strong
RΦB

1/2 dependence.

5. Comparison and Discussion

Comparative results of transport parameters calculated from
I(V) measurements for various molecules from all three methods
are summarized in Table 2. Current densities are presented
across all three methods.â values determined from length-
dependent tunneling analysis are presented for the nanopore
method only.

The limitations of various methods for characterizing al-
kanethiol M-I-M junctions are apparent when comparing
results. The CAFM-planar method presents a simple surface
for characterization, and the use of an AFM probe allows one
to potentially characterize defect-free regions of the SAM.
However, it is easy to perform an “incorrect” measurement, i.e.,
the probe-loading force causing penetration or deformation of
the molecular layer, and the contact area is not well known.
Furthermore, the role of adsorbates (such as water) in the
molecule-tip junction has not been quantified and makes this
method less controllable and prone to systematic errors.

The monolithic mesa method has the potential to provide a
large number of devices per chip. In addition, devices may be
designed to be probed using automated probing methods (see
Figure 2a). Fabrication methods allow large numbers of chips
to be readily manufactured. Devices may be packaged and
characterized using standard solid-state or IC device methods.
However a wide dispersion of current density is observed in
our study, indicating that other conduction mechanisms are
possible, and suggests that a temperature-dependent analysis is
needed. We were unable to perform this because devices could
not be thermally cycled. Additionally this method was also
observed to have a much lower device yield than the nanopore
platform (roughly an order of magnitude lower yield∼0.5%
vs ∼5%).

The nanopore method has been successfully used for char-
acterizing and demonstrating molecular electronic behavior,

including I(V,T) characterization.22,27,28This platform provides
a pristine nanoscale electrode surface for SAM formation, which
minimizes defect-dependent charge-transport effects in charac-
terized devices. Alkanethiol SAMs formed only in the nanopore
structure showed the correct bias dependence ofâ values and
temperature-independentI(V) characteristics. Therefore, in our
study, the nanopore method was observed to be the only
satisfactory characterization method for molecular-scale M-I-M
charge transport in alkanethiol SAMs. Because of it’s ability
to perform kinetic studies, this method has been recently applied
to perform more detailed transport characterization techniques
such as inelastic electron tunneling spectroscopic studies to
investigate the coupling interactions between tunneling charge
carriers with molecular vibrational modes.46

6. Conclusions

Charge transport through molecular M-I-M systems was
investigated using three different methods: CAFM-planar,
monolithic mesa, and nanopore. Molecular insulator thickness
was varied in all three cases by using different-length alkanethiol
SAMs. Transport parameters were determined fromI(V) fitting
and length-dependent analysis when possible and compared to
tunneling models. The nanopore method was found to be the
only satisfactory method for electronic transport characterization
of molecular monolayers, primarily because of this method’s
capability to perform variable temperature characterization.
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