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This paper reports the electron transport characteristics of carbon/molecule/Cu molecular junctions, where
aromatic molecules (azobenzene or AB and nitroazobenzene or NAB) are employed as the molecular
component. It is shown that these devices can be made with high yield (>90%), display excellent
reproducibility, and can withstand at least 1.5 × 109 potential cycles and temperatures of at least 180 °C.
Transport mechanisms are investigated by analysis of current density/voltage (J-V) curves as a function of
the molecular layer thickness and temperature. Results show that J decreases exponentially with thickness,
giving a measured value for the low-bias attenuation factor (�) of 2.5 ( 0.1 nm-1 for AB and NAB. In
addition, it is shown that transport is not thermally activated over a wide range of temperatures (5-450 K)
and that the appearance of a thermally “activated” region at higher temperatures can be accounted for by the
effect of temperature on the distribution of electrons around the Fermi level of the contact(s). These results
indicate that quantum mechanical tunneling is likely the mechanism for charge transport in these junctions.
Although application of the Simmons tunneling model leads to transport parameters consistent with nonresonant
tunneling, the parameters obtained from fitting experimental data indicate that the barrier height and/or shape,
effective mass, and dielectric constant (ε) can all change with thickness. Experimental measurements of ε
and density functional theory (DFT) calculations of molecular energy levels and polarizability support these
conclusions. Finally, the implications of the transport mechanisms are discussed from the viewpoint of designing
functional molecular electronic devices.

1. Introduction

Molecular electronics has been an active area of research
motivated by a variety of potential applications.1-8 Often
researchers seek to utilize the wide variety of molecular energy
levels encountered in organic structures to augment the function
of existing microelectronic devices. To this end, the transport
of electronic charge through organic moieties has been measured
using a variety of formats and techniques,4 both at the single
molecule level6 and for junctions containing large ensembles
of molecules.9-15 In the latter case, a typical device is made by
starting with a molecular layer adsorbed onto a conducting (or
semiconducting) surface and then applying top contact materials.
The current/voltage behavior of molecular junctions with varying
structure and thickness is compared with theoretical predictions
to elucidate the mechanism(s) of electron transport.14 Moreover,
predictions of these models with the variation of parameters
such as molecular structure, junction thickness, bias voltage,
and temperature are used to confirm proposed mechanisms.

Our group fabricates electronic junctions by vapor-depositing
metallic top contacts onto 1-6 nm thick molecular ensembles
chemisorbed on flat (rms roughness < 0.5 nm) carbon surfaces
by reduction of aromatic diazonium reagents.16 This procedure
leads to the formation of an aromatic molecular layer of

controllable thickness17 that is anchored by a carbon-carbon
covalent bond with the long molecular axis approximately
perpendicular to the substrate surface. The use of carbon as a
bottom contact results in the formation of a symmetric,
conjugated phenyl-phenyl bond such that there is likely to be
strong electronic coupling between the molecule and the carbon
substrate, as well as a weak interfacial dipole. Furthermore, this
method is capable of a very high yield and excellent reproduc-
ibility13 compared to many alternative approaches. Finally, the
junction structure is amenable to integration into commercial
microelectronic processing due to its robust nature and thermal
stability. Diazonium-derived molecular layers have been char-
acterized using Raman,18,19 infrared,20 UV-vis,21 XPS,18,22

AFM,17,23,24 and other techniques.25 These studies have shown
that the layers are oriented, densely packed, and thermally and
chemically stable in a wide range of conditions. Infrared
characterization20 showed an average 30° tilt of the molecular
axis from the surface normal, even for multilayer films. Thus,
a general picture of the junction structure consists of a smooth
carbon conductor with a covalently bonded, partially disordered
(but oriented) molecular layer, 1-5 molecules thick, with a
metallic top contact. A schematic of the junction structure is
shown in Scheme 1.

In this paper we investigate charge transport mechanisms in
carbon-based molecular junctions by characterizing the elec-
tronic characteristics of molecular junctions containing varying
thicknesses of AB and NAB over a wide range of temperatures
(5-450 K). The dependence of the J-V curves on thickness
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and temperature are analyzed in the context of the nonresonant
Simmons tunneling model and the possibility of resonant
transport contributing to the current is also discussed. The results
indicate a pronounced difference in conduction behavior for
aromatic molecular layers compared to more commonly studied
aliphatic layers, and demonstrate nondissipative electron trans-
port across 2-5 nm thick multilayers over a wide range of
temperatures (5-450 K). The preference in the literature for
aliphatic molecular layers in molecular electronic systems
largely stems from the well-defined nature of molecular mono-
layers (e.g., alkanethiolates and related -SH containing mol-
ecules on Au); their high packing density and structural
organization provide a convenient pathway to producing mo-
lecular layers with known thickness. However, aromatic mo-
lecular layers offer several advantages, including a wider range
of possible energy levels and an increased number of possible
molecular structures such that a wider range of electronic
functions may be envisioned. Furthermore, the high reproduc-
ibility and temperature stability of carbon-based junctions
reported here represent important first steps toward the integra-
tion of molecular electronic devices with conventional micro-
electronic circuits.

2. Experimental Section

The fabrication of carbon/molecule/Cu junctions was de-
scribed in detail in a previous report,13 based on a carbon
substrate consisting of a pyrolyzed photoresist film (PPF)26 on
thermally grown SiO2 (∼300 nm thickness) on Si. PPF is
produced by the pyrolysis of commercially available photoresist,
as described in detail elsewhere.26 The pyrolysis procedure
partially graphitizes the photoresist, resulting in a conductive
carbon film that has a resistivity close to that of glassy carbon
(∼6 × 10-3 Ω cm for a 1 µm thick film).26 PPF is flat on a
molecular scale, with a roughness (<0.5 nm rms) similar to that
of the substrate upon which it is made.

Molecular layers are deposited onto the carbon substrate by
reduction of aromatic diazonium reagents. The carbon surface
(PPF) is used as the working electrode in a three-electrode
electrochemical cell in a dilute solution (1.0 mM) of diazonium
precursor in acetonitrile (with 0.1 M tetrabutylammonium
tetrafluoroborate as supporting electrolyte). A potential sweep

program is initiated from a potential where no reduction occurs
(+0.4 V vs Ag/Ag+) to a negative voltage past the half wave
potential for reduction of the diazonium salt (the observed half-
wave potential of NAB diazonium salt is =-0.2 V) at a sweep
rate of 0.2 V s-1. Thickness is controlled in the 2-6 nm range
(corresponding to 1-4 molecular layers) by varying the cathodic
switching potential from -0.4 to -0.6 V, and the total number
of sweeps (for a -0.6 V switching potential) from 1 to 10.
Thicknesses are always verified using an atomic force micros-
copy “scratching” method, as discussed elsewhere.17 It is
important to emphasize that the molecular layers deposited in
this way are multilayers.23,24 Growth of a second layer onto the
first is still mediated by electroreduction, resulting in a surface
polymerization reaction. If the conditions during growth are
controlled carefully, very uniform, smooth (rms roughness
similar to that for the PPF substrate), and pinhole-free adlayers
result.23,27 Presumably, these conditions result in the preferential
bonding of radicals to the underlying surface due to the faster
rate of electroreduction at uncoated areas. Subsequent layers
then bond to the initial layer at a slower rate, and growth
continues until the rate of electroreduction is too slow to
continue. If high precursor concentrations, excessively negative
potentials, or long electrolysis times are used, thicker layers
can be made, but their growth proceeds unevenly24 and they
are therefore not suitable for fabrication of molecular electronic
junctions.

Junctions are designated from bottom to top with the
molecular layer thickness in nm determined by AFM in
parentheses, for example, PPF/NAB(4.5)/Cu. In all cases
reported herein, the top contact was a 30 nm layer of Cu
followed by a 15 nm layer of Au deposited by electron beam
deposition at <1 × 10-5 Torr. Previous reports on PPF/molecule/
Cu junctions12,13,28 have repeatedly demonstrated a high level
of yield and reproducibility, as discussed below. A previous
report also showed that copper oxides do not contribute to the
electronic response of the system.13

A Janis ST-500-1 cryogenic probe station with liquid He or
liquid N2 cooling was used to collect J-V curves over a
temperature range of 5-450 K, with the sample in a vacuum
of ∼10-6 Torr. J-V curves were acquired with a 4-wire
geometry using a Labview-based data acquisition system. This
system corrects for ohmic losses in both the bottom and top
contacts. In all cases, a positive V indicates that the bottom
carbon contact (PPF) is more positive than the Cu top contact.
Positive current indicates electron transport from the Cu through
the molecular layer to the PPF substrate.

3. Results and Discussion

3.1. Device Reproducibility and Cycle Life. Figure 1 shows
overlays of eight J-V curves on linear (A and C) and
semilogarithmic (B and D) scales for junctions containing two
different molecules, azobenzene (AB, curves A and B) and
nitroazobenzene (NAB, curves C and D). Responses from all
eight junctions fabricated on a single chip are shown, to serve
as an example of the excellent yield and reproducibility. For
the AB junctions, the relative standard deviation (RSD) of J
(linear values) is 9.3% at +0.1 V (i.e., J ) 0.043 ( 0.004 Å
cm-2) and 21% at +0.5 V (J ) 1.4 ( 0.3 Å cm-2), while the
NAB junctions have RSD values of 9.5 and 26% at +0.1 and
+0.5 V, respectively. In both cases, the yield was 100% (8/8).
In general, as reported recently,13 the yield of PPF/NAB(4.5)/
Cu junctions is typically >90% if care is taken to reproduce the
conditions during fabrication. In the current study, the overall
yield for 72 junctions on nine chips (representing the five

SCHEME 1: Structure of an AB Molecular Junction
Used in This Work That Is Consistent with the
Numerous Characterizations Carried out on These
Structuresa

a Molecular layer thickness can be controlled by deposition param-
eters and is verified with AFM.
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different NAB thicknesses and four different AB thicknesses
shown in Figure 3) was 95.8% (69/72), where the three
nonworking devices displayed high, linear currents characteristic
of direct PPF to Cu contact. The low incidence of short circuits
from metal penetration indicates that the molecular layers are
densely packed over their relatively large areas (0.0017 cm2 or
∼1011 molecules).

To assess the impact of repeated voltage cycling on these
devices, a single junction was scanned over 1.5 × 109 times,
with J-V curves recorded at intervals. Figure 2 shows the J-V
curves (on a linear scale to facilitate direct comparison) for a
single PPF/NAB(3.3)/Cu junction recorded using a function
generator and data acquisition system in a 3-wire mode (see
Supporting Information for details). The initial curve (black)
was recorded before initiating a 1 kHz triangle wave of (0.6
V amplitude for 17 min (1.02 Megacycles, or Mc, red curve).
This waveform was then applied for an additional 64.5 h,
yielding a total of 230 Mc (green curve). Finally, a 15 kHz
wave was applied for 24 h, adding 1.3 Gc for a total of 1.5 Gc
(blue curve). These relatively low frequencies were employed
to ensure that the capacitance of the device (which becomes
significant above ∼20 kHz) did not obscure the DC current.
The results in Figure 2, therefore, indicate that these devices
survive the application of at least 1.5 × 109 cycles to voltages
of >0.5 V, which yielded a current of ∼1 mA (∼0.6 A/cm2) at
peak applied voltage. Thus, Figures 1 and 2 demonstrate that
PPF/molecule/Cu junctions fabricated using diazonium chem-
istry have reproducible J-V behavior, excellent yield, and are
very robust to potential cycling. In addition, as shown in the

Supporting Information, these devices show only minimal
changes in J-V curves after aging in air for 270 days (see Figure
S-1 in the Supporting Information). As will be discussed below,
these devices also survive temperatures of at least 180 °C in
vacuum (where the temperature dependence of conductance was
tested). The thermal and cycling stability of carbon/molecule/
Cu junctions, as well as the ability to use vapor deposited top
contacts, are necessary prerequisites for compatibility of mo-
lecular components with current commercial microelectronic
processing and operation. We now consider the conduction
mechanism in these devices through investigation of the
thickness and temperature dependence of electron transport.

3.2. Evaluation of Distance Dependence of Transport.
Figure 3 shows the effect of thickness on the electrical properties
of carbon/molecule/Cu junctions. Figure 3A shows J-V curves
for PPF/AB/Cu junctions as a function of the thickness of AB
in the range from 2-5 nm, while Figure 3B shows the
corresponding plots for NAB. Analysis of these curves reveals
several trends. First, in all cases, J increases linearly with V at
low bias (see Figure S-2 in Supporting Information for plots
with a linear J scale), while at higher bias J is an exponential
function of V. Second, as illustrated by the attenuation plots in
Figure 3C, junction conductance decreases exponentially as the
molecular layer thickness (d) increases. The attenuation factor
(�, the absolute value of the slope) determined from these plots
is 2.51 and 2.47 nm-1 for AB and NAB, respectively (at low
applied bias, see Supporting Information, Figure S-3, and
discussion for the effect of voltage on �). These observations
are consistent with previous measurements of PPF/molecule/
Cu devices, where � values of ∼2.2 nm-1 were reported for
biphenyl and nitrobiphenyl junctions12 and for electrochemical
reactions at carbon electrodes modified with similar aromatic
structures.29 Finally, Figure 3D shows that the low voltage
junction resistance (Rlv) increases exponentially with thickness.
The values of � determined from this analysis (2.42 and 2.37
nm-1 for AB and NAB, respectively) are in good agreement
with the values determined in Figure 3C. Although the plots in
Figure 3C and 3D are expected to correlate because 0.1 V falls
within the linear regime, they are both included because both
formats are commonly reported in literature. In addition, the
extrapolated contact resistance (Rc) values determined from the
intercept of the plots in Figure 3D are 0.31 Ω (3.7 × 10-4 Ω
cm2) for AB and 0.38 Ω (6.5 × 10-4 Ω cm2) for NAB. In both

Figure 1. Overlay of J-V curves for 8 PPF/AB(3.5)/Cu junctions on a single chip for linear (A) and semilogarithmic (B) scales. The yield was
100% (8/8) and the relative standard deviation (RSD) of J for +0.1 V was 9.3% (i.e., J ) 0.043 ( 0.004 Å cm-2) and for +0.5 V was 21% (J )
1.4 ( 0.3 Å cm-2). Same data set for 8 PPF/NAB(3.3)/Cu junctions on linear (C) and semilog (D) scales, where the RSD was 9.5 and 26% at +0.1
and +0.5 V, respectively.

Figure 2. Triangle wave cycling of a single PPF/NAB(3.3)/Cu junction
up to 1.5 × 109 cycles over the course of 90 h in lab ambient, during
which a DC current of (1 mA passed through the device at the voltage
amplitude maximum. Junction area ) 0.0017 cm2.
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cases, the value of Rc represents a negligible contribution to Rlv

(e.g., the lowest Rlv value, which is for the 2.2 nm AB layer, is
53 Ω, illustrating that Rc is less than 0.6% of the lowest Rlv

value and much less for thicker layers). Throughout the entire
voltage range measured for all junctions, the value of Rc does
not exceed 5% of the differential resistance values, illustrating
that the electronic responses we observe are dominated by the
resistance of the molecular component and not by contact
resistance. In addition, the Rc values we obtain are lower than
those often reported for alkanethiolate-based devices30,31 and
imply relatively strong electronic coupling between the NAB
and the contacts.32

Because the shape of the J-V curves and the exponential
thickness dependence are consistent with a quantum mechanical
tunneling mechanism, we have measured the temperature-
dependent conductance to further narrow the possible conduction
mechanism in these devices. Tunneling is known to be a
temperature-independent process, while many other conduction
mechanisms have at least a weak, and in many cases, a strong
dependence of the current density on temperature.

3.3. Temperature Dependence of Transport. Figure 4A
shows a series of J-V curves for a PPF/AB(3.2)/Cu junction
taken over a range of temperatures from 9 to 450 K. Two distinct
regions are observed, a temperature-independent region below
∼250 K and a slightly temperature dependent response at more
elevated temperatures. The changes with temperature were
completely reversible over a complete cooling and heating cycle,
indicating that the devices survive temperatures of 450 K and
that the increase in current at higher temperature is not related
to irreversible changes in junction structure. The Arrhenius plot
of ln|J+0.2 V| versus 1000 T-1 shown in Figure 4B exhibits two
linear regions, with a slope corresponding to 0.17 ( 0.1 meV
for the 5-250 K region and 102.2 ( 8.0 meV for the 260-450
K region. Clearly, there is no significant thermal activation at
temperatures below 100 K, but the apparent “activation barrier”
of ∼100 meV above 250 K deserves further comment.

The apparent “activation barrier” of 0.1 eV is too small to
implicate solid state ion motion (typically 0.3-2 eV33), is
smaller than reported charge hopping conduction barriers34 or
cis-trans isomerization energies,35 and is on the lower end of

expected phenyl ring rotation energies.11 The temperature-
dependent J-V characteristics were measured for several
junctions containing various aromatic structures with thicknesses
from 1.4-4.5 nm thick. In all cases, Arrhenius slopes are e0.1
eV for temperatures greater than ∼250 K and much smaller
for lower temperatures (see Table S-1 in the Supporting
Information). These results imply that the charge transfer
mechanism does not change in the range of thickness from 1.4
to 4.5 nm, and the temperature dependence is very similar for
structurally distinct molecules. As shown below, the temperature
dependence observed in the 250-450 K range is completely
consistent with effects derived from the Fermi distribution of
the electrons in the contacts and is not related to thermal
activation of nuclear motion or structural rearrangements. This

Figure 3. J-V curves for AB (A) and NAB (B) as a function of thickness. (C) Attenuation plots from the current density at +0.1 V, illustrating
that J falls off exponentially with d, yielding � values of 2.51 and 2.47 nm-1 for AB and NAB, respectively. (D) Attenuation plots constructed from
the low voltage resistance (i.e., the inverse slope of the linear portion of the J-V curve) yielding � ) 2.42 nm-1 (AB) and 2.37 nm-1 (NAB) and
Rc ) 0.31 Ω (AB) and 0.38 Ω (NAB).

Figure 4. (A) Series of J-V curves for PPF/AB(3.2)/Cu junction for
the temperature range 9-450 K. (B) Arrhenius plot for the data in
(A). The inset in (B) shows an expanded view of the high temperature
region. The apparent activation barriers calculated from this plot are
0.017 meV for the 9-250 K range and 100 meV for the high
temperature (260-450 K) range.
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important result indicates that reorganization, redox chemistry,
ion motion, and so on, are not involved in electron transport in
the temperature range considered here (5-450 K).

3.4. Analysis of Tunneling Transport. There are two
common approaches for describing transport in molecular
junctions. First, the mesoscopic physics community typically
uses formulations rooted in the Landauer model for transport
based on transmission probability.36-42 Second, the Simmons
model for quantum mechanical tunneling is often applied to
describe transport through molecular tunnel junctions.10,14,37,43-45

Because the experimental data are consistent with a tunneling
mechanism, we will begin with the Simmons model46 and adapt
it for use in describing transport through molecules. For an in-
depth description of the adaptation of the Simmons model to
describe transport in molecular junctions, including the inherent
limitations of the model in this context, the reader is directed
elsewhere.44

The simple expressions that describe tunneling through a
rectangular barrier result in currents that are far too low to
explain our results, and we must include the impact of image
charge on the tunneling barrier shape to obtain reasonable
agreement. Furthermore, the value of � we observe (2.5 nm-1)
is much smaller than values associated with nonresonant
tunneling, which are typically in the range of 7-10 nm-1 for
alkanes and are associated with larger barrier heights.1,9,10,45,47,48

For example, a � of 8.8 nm-1 was observed for PPF/
diaminoalkane/Au junctions, structurally similar to those studied
herein, but containing an aliphatic rather than aromatic mol-
ecule.49 However, numerous measurements of � for aromatic
systems in the range of 2-3 nm-1 have been reported4,34,50,51

based both on molecular junctions and on electron transfer rates
through aromatic monolayers in electrolyte solution.29 Thus, an
accurate model to describe transport in these molecular junctions
must not only fit experimental J-V curves with reasonable
accuracy but also explain the low value of the attenuation factor
for aromatic systems in a self-consistent manner. In addition,
any useful theory should provide at least a semiquantitative
means to predict the electronic characteristics of molecular
junctions as a function of molecular properties. As will be shown
below, several parameters are important to determining the
tunneling current, including (at least) the dielectric constant (ε)
of the molecular layer, the tunneling barrier height (φ) and shape,
and the effective carrier mass (me).

The simplified Simmons expression for the image charge-
corrected current density (J) as a function of voltage (V) in a
tunnel junction is46,52

where q is the elementary charge (1.60 × 10-19 C), h is Planck’s
constant (6.63 × 10-34 J s), ∆s is the effective layer thickness
(deff, described in more detail below) and

where me is the effective carrier mass given as a fraction of the
rest electron mass (9.11 × 10-34 kg). In eq 1, the value of the
barrier height (φj) is the average barrier value calculated from
an expression that considers the full shape of the barrier taking
image charge effects into account:

where φ0 is the unmodified barrier height, d is the thickness of
the barrier, si is the distance between the contact and the barrier
at the Fermi level for each contact 1 and 2, and

where ε0 is the permittivity of free space and ε is the relative
dielectric constant of the barrier layer. It can be shown from eq
3 that the net impact of including image charge is to round the
corners of the rectangular barrier, reducing both the barrier
height and the effective thickness of the barrier, with the
magnitudes of φ0, ε, s1, and s2 determining the value of φj
(although the value of me has a significant effect on the
calculated value of J, as discussed below). The full barrier shape
can be calculated through

where x is any distance between the two contacts, φ0 is the
unmodified (rectangular) barrier height, and the φ axis is defined
as originating at the Fermi energy level. Some examples of
barrier shapes are presented below. It is important to note that
eqs 1-4 are based on approximations due to considering only
the most important (i.e., largest) terms in complex integrands
given in the original Simmons derivations. A more detailed
analysis that avoids these approximations has been presented
recently (ref 36 and Supporting Information). The full model
begins with the expression

where

and each term in the brackets is an integral in the original
derivation. The solutions to the full integrands as given in ref
36 are

J ) q

2πh(∆s)2
(φ̄e-A√φ̄ - (φ̄ + qV)e-A√φ̄+qV) (1)

A ) (4π∆s
h )√2me (2)

φ̄ ) φ0 - qV(s2 + s1

2d ) - [1.15λ d
s2 - s1] × ln[s2(d - s1)

s1(d - s2)]
(3)

λ ) q2 ln 2
8πε0εd

(4)

φ(x) ) φ0 - qV(x
d) - 1.15λ d2

x(d - x)
(5)

J ) c(Ã + B̃ + C̃) (6)

c )
4πmeq

h3
(7)

Ã ) 2qV

A2
{(A√φ̄ + qV + 1) exp(-A√φ̄ + qV) -

(A√η + φ̄ + 1) exp(-A√η + φ̄)} (8)
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where A is defined in eq 2, the other variables have been defined
previously, and η is the Fermi level of the contact (taken as a
positive value).

The effect of the approximation is most important for low
barrier heights and thicknesses.36 We will report here results
based on both the approximate and full Simmons analysis to
illustrate the effects of the commonly used approximations.
Consider the error from the approximations to be the average
of the % deviation of the ln J values obtained from the
approximate eq 1 relative to the full model in eq 6 over the
voltage range of (1 V. For a set of common parameters (me )
1.0, s1 ) 0.05 nm, s2 ) d - s1, and ε ) 5.0), the error for d )
2.2 nm is 43% for φ ) 1.0 eV, 19% for φ ) 5.0 eV, and 11%
for φ ) 10.0 eV. In addition, for d ) 5.2 nm, the error is 26%
for φ ) 1.0 eV, 5.5% for φ ) 5.0 eV, and 3.8% for φ ) 10.0
eV. Thus, although the error does become smaller for lower
barrier values and thicker layers, it is still appropriate to apply
the full model where possible.

Because the dielectric constant of the molecular layer has an
effect on the image charge and the shape of the tunneling barrier
in the Simmons model,46 we evaluated the capacitance of the
NAB junctions as a function of layer thickness to estimate values
for ε (the relationships used to calculate ε from C are given in
the Supporting Information, and Figure S-4 shows example J-V
curves). Although ε is frequency dependent (Figure S-5), it
increases significantly with thickness at all frequencies exam-
ined, as shown in Table 1 for 50 kHz. The values of 2.7-12.7
are consistent with dielectric constants for a variety of aromatic
molecules, where values of 2.5 (biphenyl) to 35 (nitrobenzene)
are typical for isolated molecules.53 In a completed molecular
junction, the absolute value of the dielectric constant depends
on the structure of the molecular component and the nature of
electronic coupling to the contacts and the measurement
frequency.10 The impedance of the junction, which scales with
device area and is frequency dependent, will determine the
frequency range for which capacitance values can be obtained
and therefore will also impact the measured value of ε. The
accuracy of the values we obtain using this analysis relies on
how well the junction corresponds to the simple capacitor that
was used to model the current, which will depend on frequency

if there are parallel resistive and capacitive pathways in the
molecular junction. For the NAB series, the junction area was
large enough to result in reliable capacitance values at 50 kHz.
For the AB series, the values of ε determined from a similar
analysis could only be determined at a much higher frequency
(200 kHz) because the junction areas were smaller, and
therefore, the values of ε obtained were much smaller (see
Figure S-5 in Supporting Information for an example and the
literature10 for a discussion of junction area and measurements
of ε). However, the measured values of ε for AB also increased
significantly when increasing the thickness of the layer from
2.2 to 5.0 nm. In any case, a variation in ε with thickness is an
indication of increased electron delocalization and greater
polarizability for the thicker molecular layers. DFT calculation
of the polarizability of a series of AB oligomers is shown in
Table 1 and verifies that an increase in polarizability with
molecular length is expected (and therefore the dielectric
constant is also expected to increase as described through the
Clausius-Mossotti relation54). In addition, a recent theoretical
paper55 reports similar changes in polarizability and dielectric
constant with thickness to those reported here. These observa-
tions are not surprising, given the conjugated nature of the
component molecules, but have significant consequences in
modeling tunneling transport. Effectively, as the molecular
length increases, there is more delocalization of charge. This is
supported by the visualizations of the molecular HOMO
calculated using DFT, shown in the Supporting Information,
Figures S-6 and S-7. In this case, the molecular HOMO extends
across either an AB2 unit (Figure S-6) or an AB4 unit (Figure
S-7). The fact that the HOMO still extends across the entire
molecule for the latter case is one indication of why the
polarizability and dielectric constant increase with molecular
length. As shown by eqs 3-5 above, the value of ε modulates
the barrier shape and overall average barrier that is used to
calculate the tunnel current. In addition, an increase in the extent
of conjugation can also have an impact on the molecular energy
levels, which can possibly modify the barrier height as the
thickness increases.

The tunneling barrier in a molecular device is often thought
to correspond to the offset between the Fermi level (Ef) of the
contact(s) and the molecular orbital energy (Em) that lies closest
in energy to Ef such that φ ) Ef - Em. In most cases, the frontier
orbitals are assumed to lie in closest proximity to the Fermi
level and, therefore, are used to estimate φ. Aromatic molecules
typically have HOMO levels of ∼-4.5 to -7 eV (relative to
vacuum) and LUMO levels of -0.5 to -3 eV. The HOMO of
NAB is estimated at -6.65 eV (DFT56 B3LYP with 6-31(d)
basis set) and is closest to the Fermi level of PPF (-4.90 eV57),
leading to a first approximation for the barrier height of 1.75
eV for hole transport through the HOMO. This approximation
of the barrier height should be treated with caution, however,
because it is known that molecular energy levels can undergo
significant changes when brought into contact with the conduc-
tors in the molecular device.42 In addition, other effects may
also become important, as discussed below. Because the
molecular energies of aromatic structures are more closely
aligned with the contact Fermi level than the corresponding
orbital energies in aliphatic molecules, the estimated barrier
heights for the aromatic molecular junctions reported herein are
much lower. In addition, considerably different behavior as a
function of length (e.g., the value of �) is expected due to the
absence of conjugation in the aliphatic molecules.

Figure 5 shows plots of the barrier shape where φ0 ) 1.75
eV (the dashed line in both plots) and V ) 0. Figure 5A shows

TABLE 1: Values for ε at 50 kHz for NAB Junctions and
Calculated r for AB Oligomers

d (nm) measured εa molecule (d, nm) R (Å3)

2.2 2.7 AB (1.12) 23.6
2.8 7.7 AB2 (2.2) 60.0
3.3 8.9 AB3 (3.2) 101.7
4.5 10.4 AB4 (4.3) 145.4
5.2 12.7 AB5 (5.3) 189.6

a The value of ε is frequency dependent: for some examples, see
Supporting Information, Figure S-4.

B̃ ) φ̄
2

A2
{(A√φ̄ + 1) exp(-A√φ̄) - (A√φ̄ + qV + 1) ×

exp(-A√φ̄ + qV)} (9)

C̃ ) 2
A{(φ̄3/2 + 3

A
φ̄ + 6

A2
√φ̄ + 6

A3) exp(-A√φ̄) -

((φ̄ + qV)3/2 + 3
A

(φ̄ + qV) + 6

A2
√φ̄ + qV + 6

A3) ×

exp(-A√φ̄ + qV)} (10)
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the barrier shape predicted by eq 5 for three values of ε with a
constant d (5.2 nm). φa is the average barrier height resulting
from the shape calculation, while the values of s1 and s2, which
determine the effective layer thickness (deff ) ∆s ) s2 - s1),
are found from the x-axis intercepts of the plot. It is apparent
that as the value of ε increases, the overall height of the barrier
is larger, the corners become less rounded, and deff is larger.
For example, when ε ) 2.7, the average barrier (φa) is 1.36 eV
and the values for s1 and s2 are 0.125 and 5.0725 nm,
respectively. Effectively, the average barrier height has been
reduced by 0.39 eV and deff is reduced from 5.2 to 4.95 nm.
However, if the value of ε is increased to 12.7, φa ) 1.67 and
deff ) 5.15 nm. These results illustrate that as the dielectric
constant increases due to longer conjugation lengths, the barrier
is less rounded and both φa and deff represent larger portions of
φ0 and d. Because ε increases with thickness, the changes in
barrier shape and height should be incorporated into comparisons
between theory and experiment. Figure 5B shows the full barrier
shape calculations for the series of NAB thicknesses used to
make the NAB devices of Figure 3B, using the experimentally
determined values for ε. As shown, the average barrier height
decreases from 1.67 eV for the 5.2 nm layer to 0.99 eV for the
2.2 nm layer. This decrease in barrier height is predicted only
from considering the impact of an increasing ε on the barrier
shape. However, if the value of φ0 also varies with thickness,
due to changes in the molecular HOMO energy, for example,
the value of φa and the predicted tunneling current will be altered
accordingly. Thus, it should be understood that the barrier shapes
presented in Figure 5 illustrate how the image charge affects
the barrier shape and average height. The actual barrier shape
may be different because other effects may also contribute.
However, Figure 5 does show how image charge effects can
significantly alter a 1.75 eV barrier. The apparent barrier for an
actual device can be estimated to a first-level by fitting the
experimental data to the full Simmons model36 in eqs 6-10 (of
which eqs 1-4 are an approximate form) using the values of ε,
φ0, and me as fitting parameters.

Figure 6 shows experimental J-V curves (open circles) for
AB (A) and NAB (B) junctions as a function of thickness
overlaid with the least-squares fits to the Simmons model (lines)
using φ0, me, and ε as fit parameters (the error function was the
sum of the square of the residual between the experimental and
predicted ln J values). The fits were initiated with me ) 1 and
φ0 ) 1.75 eV, and the experimental values for ε. In all cases,

the fitted φ0 and me values were accurate to (0.05 units,
meaning that values outside this range yielded large errors. The
semiempirical fits for the NAB dielectric constant in Table 2
agrees with those obtained from the capacitance (Table 1), with
both exhibiting a significant increase with thickness. In addition,
the average barrier height and effective carrier mass show
significant changes with thickness for both AB and NAB.
Because the values of φ0 and me have a strong and interactive
effect on the predicted J-V curves, it is important to analyze if
the observed changes in either or both of these variables are
physically reasonable.

It is known that HOMO and LUMO energies vary signifi-
cantly as the length of conjugated oligomers is increased.30,37,47,50

Figure 7A shows a plot of DFT calculated HOMO (black curve)
and LUMO (red curve) energies for azobenzene oligomers up
to five units in length. As shown, the orbital energies change
by ∼0.5 eV with increasing length and conjugation. The work
function of PPF and our Cu films have been measured,57 yielding
-4.9 and -4.7 eV, respectively. The average of these values
is represented by the dashed line at -4.8 eV, illustrating that
the frontier orbital energies move closer to Ef as length increases.
Thus, the barrier height is calculated as the difference between
Ef and Ehomo since the molecular HOMO lies closer in energy
to Ef. Indeed, as shown in Figure 7B, the barrier heights

Figure 5. (A) Effect of the dielectric constant on the barrier shape for
a 5.2 nm thick molecular layer with φ0 ) 1.75 eV at zero bias. (B)
Calculated barrier shapes for all five NAB layers using the values listed
in Table 1 for ε.

Figure 6. Fitting of experimental data (open circles) to the full
Simmons model (lines) for AB (A) and NAB (B). The parameters
obtained from a partial least-squares analysis using the approximation
and the full model are given in Table 2.

TABLE 2: Parameters Obtained from Fitting Experimental
Data to the Simmons Model, with Image Charge Effects
Includeda

approximation (eqs 1-4) full model (eqs 6-10)36

d (nm) me φ0 (eV) ε me φ0 (eV) ε

AB
2.2 1.50 1.22 2.7 1.72 1.35 2.7
2.8 0.82 0.94 5.0 0.86 1.14 5.0
3.5 0.54 0.87 7.0 0.51 1.12 8.4
5.0 0.27 0.88 8.95 0.33 0.97 11.8

NAB
2.2 1.48 1.25 2.7 1.47 1.46 2.7
2.8 0.80 1.04 4.0 0.84 1.25 4.0
3.3 0.48 0.995 8.9 0.49 1.26 9.3
4.5 0.30 0.970 10.4 0.33 1.16 10.6
5.2 0.24 0.967 12.7 0.27 1.07 14.8

a The value of s1 was fixed at 0.05 nm and s2 was fixed at d - s1

in all cases.
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predicted from DFT decrease with increasing length (black
curve). In addition, the values obtained from the least-squares
analysis above correlate well with this trend for both AB (red
curve) and NAB (green curve). This calculation has also been
performed for other oligomeric species of conjugated structures,
as shown in the Supporting Information (Figure S-8). In all
cases, the increase in conjugation and electron delocalization
with length significantly changes the HOMO energy and
predicted barrier height. A consequence of a barrier height which
varies with thickness is that the attenuation factor, �, does not
reflect a single barrier height, but also includes its variation with
thickness. It should also be noted that eqs 1-4 do not accurately
predict the effect of thickness on the J-V response with a single
barrier height of any physically reasonable value and results in
a � value significantly larger than that observed experimentally.
For example, setting φ0 to 0.3 eV and me ) 1.0 predicts a � of
6.7 nm-1, using the experimental dielectric constants.

Although Figure 7 and the least-squares analysis indicate that
the value of φ0 varies with thickness, fitting of the experimental
data also produced a variation in me. It is known that the
effective mass (defined as m/m0) of tunneling electrons (or holes)
can vary from unity due to a variety of factors. For example,
Joachim and Magoga58 predicted that changes in me could
produce � values in the range of 1-4 nm-1 for conjugated
systems and calculated an me of 0.163 for the case of a
polyphenylene molecular layer. Moreover, they showed that the
value of me can depend on energy. In addition, other relation-
ships between the effective mass and tunneling distance have
been proposed.59 Variations in effective mass are clearly possible
as the molecular layer thickness increases. This can be
understood by considering that the effective mass of an electron
is expected to decrease as delocalization increases due to
changes in the dispersion relationship for the molecular layer.
The measured and calculated increases in dielectric constant
and polarizability with length confirm this expectation. It is
important to note that the decrease in me with molecular length
indicates that extensive conjugation can result in charge carriers
that behave as light particles having only a fraction of the mass
of an electron. This implies that highly conjugated systems may
be expected to show much less dependence of current on the
tunneling distance, resulting in smaller � values, and that
molecules could be engineered to have very small effective mass
values to result in efficient tunneling. The extremely low �

values recently reported for a variety of highly conjugated
structures are consistent with this supposition.60 Although it is
becoming apparent that the values of ε, me, and φ0 are not
independent variables, as assumed in the mathematical treatment
outlined above, it is not clear exactly how these variables are
related for the case of a molecular tunneling junction. Thus, it
is currently not possible to predict, for example, how a change
in dielectric constant impacts the value of the tunneling barrier
height and the effective carrier mass or how to relate these
parameters quantitatively to molecular structure. Such insights
would permit design of particular molecular structures for
targeted electronic functions, enabling the design of complex
and novel devices through chemical synthesis. We are currently
working toward a more detailed understanding of the interplay
between effective mass, barrier height, and molecular structure.

While the fits to experimental curves (Figure 6) and the results
shown in Figure 7 indicate that ε, φ0, and me vary with molecular
layer thickness, other variables may also play a role in
determining the tunneling current in these junctions. For
example, a distribution of molecular energy levels due to
homogeneous and inhomogeneous broadening certainly exists
in the large area junctions considered in this work. The value
of the barrier height therefore may actually represent an average
that includes a number of states with a lower barrier than the
overall average. Because the barrier height is in the range of
0.8-1.25 eV, there may actually be a subset of resonant
transport channels with energies close or equal to the contact
Fermi level (see discussion below). In addition, electronic
coupling to the contacts and intermolecular interactions may
play a significant role in determining the barrier shape and
height. In effect, the extracted transport parameters obtained
from fitting experimental data to the Simmons model must be
considered in the context of a possibly wide range of phenomena.

3.5. Dependence of the Tunnel Current on Temperature.
As shown above, the Simmons model can be used to obtain
reasonable correspondence to our experimental data and is
consistent with the shapes of the J-V curves, the exponential
thickness dependence, and the temperature independent con-
ductance regime that extends from 5 to ∼200 K, provided
changes in molecular energy levels and effective mass with
length are taken into account. We now consider if the apparent
“activation” of conduction for temperatures exceeding ∼200 K
is consistent with a tunneling mechanism or if the transition
represents a change in transport mechanism at elevated tem-
peratures. Simmons61 showed that a significant increase in
tunneling current can result due to redistribution of electrons
around the Fermi level of the contacts. We have used this
approach to calculate the expected current as a function of
temperature. In this formulation, the effect of image charge is
ignored in order to simplify the analysis. Figure 8 shows an
overlay of Arrhenius plots for experimental data and the
theoretically predicted temperature dependence for several
combinations of φ0 and me. First, for (a), φ0 ) 0.58 and me )
0.9, the predicted current is larger than that experimentally
observed (open circles), but the shape of the Arrhenius plot is
qualitatively reproduced. Predicted Arrhenius slopes in this case
are 0.12 meV for the low temperature region (5-245 K) and
64 meV for higher temperatures (290-450 K). Next, for case
(b), φ0 ) 0.58 and me ) 1.1, the overall shape is accurately
predicted and the calculated apparent activation barriers are 0.15
and 92 meV for the low and high temperature regions,
respectively. Finally, for case (c), φ0 ) 0.9 and me ) 0.65, a
lower current is predicted, but again the shape is qualitatively
reproduced, yielding calculated apparent activation barriers of

Figure 7. (A) Plot of the frontier orbital energies as a function of
molecular length for a series of AB oligomers extending from the
monomer to AB4. (B) Plot of the tunneling barrier vs thickness
determined from the calculations (Ef - Ehomo for Ef ) -4.8 eV) and
for fitting of experimental data to the full Simmons model.
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0.05 and 23 meV (low and high T, respectively). The values of
φ0 and me used in Figure 8 cannot be compared directly to those
in Table 2 because the image charge is neglected in the
temperature analysis. However, the qualitative similarity of
predicted and observed Arrhenius plots and the quantitative
agreement of the Arrhenius slopes of several different molecules
and thicknesses (see Supporting Information, Table S-1) for high
(35-102 meV) and low T (0.02 -0.3 meV) indicate that the
observed temperature dependence is consistent with a tunneling
mechanism, with no thermal activation of the molecular layer
involved. The increase in current density for T > 250 K is a
result of the presence of electrons (or holes) at energies above
(or below) the Fermi energy of the contacts. The agreement
with Simmons predictions (Figure 8) and the fact that the
Arrhenius slopes are too small to be associated with reasonable
molecular restructuring or ion motion lead to the conclusion
that no molecular reorganization, redox reaction, or conforma-
tional changes are required to generate the observed temperature
dependence. A similar effect has been reported to account for
the temperature dependent current in nanogap molecular junc-
tions using a molecular level model based on the Landauer
formula.62 Thus, the Fermi function can be used to explain the
type of temperature dependence we observe experimentally
regardless of the specific model used, further indicating that it
is a plausible explanation.

3.6. Consequences of Tunneling through Aromatic Struc-
tures. Although quantum mechanical tunneling appears to
describe transport in carbon/molecule/Cu junctions, there are
several points which deserve additional discussion. First, the
value for � of 2.5 nm-1 is much smaller than values typically
associated with nonresonant tunneling and indicates that tun-
neling can produce substantial currents across relatively thick
molecular junctions (i.e., 5 nm). Second, although tunneling
across 2-5 nm is possible with tunneling barriers in the 0.5-1.5
eV range, the existence of resonant transport channels cannot
be excluded. The expected distribution of molecular energy
levels from the larger number of molecules (>1010) in each
junction could give rise to a subset of very low tunneling barrier
values that may also impact the overall current. In this case,
the competition between the tunneling and resonant current
channels would determine the overall current measured experi-
mentally, and the characteristics that correspond to the expecta-
tions for nonresonant tunneling may still be observed if the
nonresonant current represents the majority. Finally, when the
value of the (average) barrier decreases past some critical level,

the resonant current should become dominant, as discussed
recently for aromatic molecules in STM break junctions.63

Collectively, the results in this paper indicate that robust and
reproducible junctions can be fabricated in high yield and that
nonresonant tunneling is likely to be the transport mechanism.
Importantly, the result that dielectric constant (experimentally
measured), barrier height, and effective mass (determined from
calculations and fitting of data) change with thickness provides
powerful evidence that transport occurs via through-bond rather
than through-space tunneling, because a change in the structure
of the molecular component underlies the variation in ε, φa,
and me with thickness. In addition, the temperature dependence
of the current is completely consistent with variation of electron
distribution by the Fermi function, rather than any “activated”
process. Taken together, the effect of structure on the electronic
properties of the junctions along with the lack of any molecular
activation provides compelling evidence that an array of short
circuit filaments cannot give rise to the electronic response of
the system. Although the molecular layers employed in this
approach are more disordered and often contain multilayers (as
compared to those based on self-assembled monolayers), their
irreversible bonding prevents restructuring and metal filament
formation. The robust nature of diazonium-derived molecular
layers enables a highly reproducible method for making
molecular junctions by vapor deposition for both systematic
studies of charge transport mechanisms and possibly for practical
applications. Although the present results strongly argue against
metal filament formation, “partial” filaments resulting from
metal penetration to form localized tunnel gaps are harder to
rule out. They would have to be very reproducible themselves
to yield the observed low standard deviations of current
densities, which is unlikely for random formation of “hot spots”.
Furthermore, we reported recently using a very different metal
deposition technique based on “cold” metal diffusion that both
indirect and direct deposition of Cu yielded quantitatively similar
J-V curves.49

4. Conclusions

Molecular junctions fabricated by covalent bonding of
aromatic molecular layers to carbon electrodes with evaporated
Cu top contacts can be made with high yield, are highly
reproducible, and robust to potential cycling and elevated
temperatures (at least 180 °C). Analysis of the thickness and
temperature dependence of J-V curves for junctions containing
multilayer films of nitroazobenzene and azobenzene indicate
that charge transport occurs through a tunneling mechanism over
a range of thicknesses extending up to 5.2 nm and temperatures
from 5 to 450 K. The Simmons relationship that includes the
effect of temperature on the distribution of charge carriers in
the contacts shows that no thermal activation is necessary to
explain our results over a wide range in temperature, despite
the appearance of an activated region in experimental Arrhenius
plots. Instead, the increase in J at elevated temperatures observed
experimentally arises solely from the temperature dependence
of the contact Fermi function(s). Parameters derived from
analysis of experimental data in light of the Simmons model
(including the effects of image charge) indicate that the barrier
height and/or shape, effective carrier mass, and the dielectric
constant of the molecular layer change as thickness increases.
These findings are supported by experimental data, DFT
calculations, and theoretical models outlined in the literature.
The way in which these parameters change with thickness
determines the value of the attenuation factor measured for a
particular aromatic system, providing a possible origin of the

Figure 8. Overlay of Arrhenius plots for experimental data (ln J0.2 V

vs 1000/T for a PPF/AB(3.2)/Cu junction) and those obtained from
the Simmons relationship that includes the effect of temperature on
the distribution of electrons around the Fermi level.61 Points are
experimental, with lines calculated for the Simmons model with (a) φ0

) 0.58 eV, me ) 0.9; (b) φ0 ) 0.58 eV, me ) 1.1; (c) φ0 ) 0.9, me )
0.65. Inset is an expanded view.
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range of values reported for aromatic molecules. Finally, the
barrier height is quite small compared to reported values for
nonaromatic molecular junctions, indicating that for the junctions
studied here, the effect of resonant transport channels may
become important.
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