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Charge transport through molecular electronic junctions has
been extensively studied with the aim of correlating ob-

served electronic behavior with molecular structure, thus allow-
ing rational design of integrated molecular circuits. Conductance
has been measured through single molecules1,2 and molecular
ensembles3�5 (e.g., >103 molecules) where the electronic beha-
vior has been reported to exhibit conductance switching6 and
orbital gating.7 Comparison between single-molecule and many-
molecule paradigms has been difficult because molecular con-
ductance is strongly dependent on the entire molecular system,
including intermolecular interactions, interfacial chemistry, and
contact geometry. Here we demonstrate for the first time the
ability to fabricate molecular junctions containing single to tens
of molecules “one molecule at a time”, allowing comparison be-
tween single molecule and molecular ensemble conductance
using a single experimental paradigm. Our technique employs
surface diffusionmediated deposition (SDMD) to fabricate mole-
cular junctions without molecular damage or metal penetration,
where single molecule conductance is determined through in situ
current monitoring during the onset of electronic contact be-
tween the molecular layer and a metallic second contact.8 The
results demonstrate the effect of molecular length, molecular
energy levels, and the number of molecules on conduction
through aliphatic and aromatic molecules.

We recently introduced SDMD as a method to fabricate
reproducible metallic contacts on large-area molecular layers
without metal penetration or damage to the molecular layer.8 In
brief, the SDMD technique starts with depositing a metallic layer
adjacent to and 30�70 nm away from a molecular layer with the
molecules protected by a SiO2 “overhang” that prevents direct
metal deposition, as shown in Figure 1. Remote deposition
allows the kinetic energy and heat of condensation of the deposi-
ting metal to be dissipated away from the molecular layer, thus
eliminating molecular damage due to heating and metal penetra-
tion due to metal atom momentum. Surface diffusion causes the
metallic layer to migrate toward and onto the molecular layer to
form the second electronic contact. With surface diffusion, all ad-
atoms contacting the molecular layer have an internal binding
energy (2�3 eV) within the diffusing metal contact, thus providing
a large barrier for adatom dissociation and eliminating metal pene-
tration into the molecular layer.9 A detailed description of device
fabrication is provided in Supporting Information (Figures S1�S4).

For in situ SDMD, the junction current is monitored during
the initial contact formation between the molecular layer and the
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ABSTRACT:Diffusion of metal atoms onto a molecular monolayer attached to a conducting surface
permits electronic contact to the molecules with minimal heat transfer or structural disturbance.
Surface-mediated metal deposition (SDMD) involves contact between “cold” diffusing metal atoms
andmolecules, due to shielding of the molecules from direct exposure tometal vapor.Measurement of
the current through the molecular layer during metal diffusion permits observation of molecular
conductance for junctions containing as few as one molecule. Discrete conductance steps were
observed for 1�10 molecules within a monolayer during a single deposition run, corresponding to
“recruitment” of additional molecules as the contact area between the diffusing Au layer andmolecules
increases. For alkane monolayers, the molecular conductance measured with SDMD exhibited an
exponential dependence on molecular length with a decay constant (β) of 0.90 per CH2 group,
comparable to that observed by other techniques. Molecular conductance values were determined for three azobenzene molecules,
and correlated with the offset between the molecular HOMO and the contact Fermi level, as expected for hole-mediated tunneling.
Current�voltage curves were obtained during metal deposition showed no change in shape for junctions containing 1, 2, and 10
molecules, implying minimal intermolecular interactions as single molecule devices transitioned into several molecules devices.
SDMD represents a “soft” metal deposition method capable of providing single molecule conductance values, then providing
quantitative comparisons to molecular junctions containing 106 to 1010 molecules.
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diffusing metallic contact to determine the change in conduc-
tance as metal atoms contact individual molecules within a
monolayer. Figure 1b shows the measured conductance versus
deposition time, with the current at V = 1 V stated in units of Go,
the quantum of conductance (Go = 2e2/h, or 77.4 μS). Prior to
the observance of nonzero current (t < 900 s), the thickness of
the deposited Au contact was 10 nm, which ensured a continuous
Au layer leading to the molecular layer. Several conductance
steps are apparent in the conductance-time trace, which are more
pronounced in the histogram (inset of Figure 1b) of conductance
for the entire trace shown. The conductance steps are likely due
to contacts forming between the diffusing Au front and individual
AB molecules and have a mean spacing (N = 22) of (20( 3)�
10�5 Go, or 15.5 nS. Quantized conductance is expected when
the width of the conducting channel is on the order of a Fermi
wavelength10 and has been reported previously for both mole-
cules and amorphous carbon materials.11 Substructure within
conductance peaks is likely due to various bonding geometries at
the sidewall.12 As described in Supporting Information (Figure
S5), a control experiment without a molecular layer exhibited
conductance steps close to the 77.4 μS expected for a single
atom contact. The observation of Go steps in the absence of a
molecular layer confirms individual contact resolution during
in situ SDMD.

Single molecule conductance within a variety of monolayers
was determined with the SDMD technique outlined in Figure 1
in order to determine the effect of molecular structure and length
on observed conductance. As described in Supporting Informa-
tion, monolayers were formed using established techniques:13,14

diazonium reduction for azobenzene (AB), nitroazobenzene (NAB),
and dimethylaminoazobenzene (DAB) and primary amine oxi-
dation for aliphatic molecules with 4, 6, 8, and 10 carbon atoms.

The SDMD geometry prevents AFM verification of the layer
thickness directly, but identical deposition conditions were used
on flat PPF surfaces to calibrate the layer thickness. For all seven
molecules, the measured AFM thickness was (0.83( 0.03) times
the calculated thickness for a perpendicular monolayer. This
difference corresponds to an average molecular tilt angle of 34�
relative to the surface normal, consistent with an independent
determination using FTIR spectroscopy.15

For an octylamine (C8) monolayer, conductance was mea-
sured during Au deposition (before 1300 s) and after the electron
beam was turned off and deposition stopped, as shown in
Figure 2a. Focusing on the increase in conductance during Au
deposition, conductance steps are observed and highlighted by
the dashed lines. The histogram confirms conductance steps with
an average spacing of 1.4 � 10�5 Go, as calculated by fitting
Lorentzian distributions to the conductance peaks. After deposi-
tion, conductance of the formed C8/Au junction decreased step-
wise from seven contacted molecules to two molecules in about
1300 s, with a similar magnitude of the conductance steps during
and after Au deposition. The conductance decrease can be
attributed to Au atoms diffusing off the molecular layer toward
a lower energy site within the Au lead, presumably due to the
weak CH3�Au interaction and small barrier for Au diffusion
away from the molecular interface. The apparent exponential de-
crease in conductance is the result of the highest energy (least
stable) Au atoms diffusing away first followed by lower energy
atoms, and the rate of decrease was found to be dependent on the
molecular end group (see Supporting Information).

Conductance histograms for a series of C4 to C10 aminoalk-
anes during Au deposition are shown in Figure 3, in which the
conductance peaks are fit with Lorentzian distributions as previ-
ously reported for single molecule junctions.25 The histograms

Figure 1. In-situ SDMD: (a) Schematic of the in situ SDMD technique with an azobenzene monolayer attached to the conductive sp2 carbon sidewall.
The SiO2 “overhang” prevents the depositing Au atoms from directly landing on the sidewall, and the deposition distance away from the sidewall is
controlled through the deposition angle. (b) Measured conductance vs deposition time (V = 1.0 V) with an azobenzene monolayer present, showing
steps (conductance peaks) of 2.0 � 10�4 Go. Horizontal dashed lines correspond to peaks in the conductance histogram. Inset shows a histogram of
>24 000 data points measured every 50 ms. (c�e) Histograms for separate azobenzene devices, obtained using the same conditions as panel b. “Bin”
width for histograms was ∼5% of the peak spacing, 4.8 � 10�6 Go in this case.
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were constructed from three separate junctions for C4 and C6

molecules and two separate junctions for C10 junctions. The
conductance results are summarized in Table 1, and detailed
statistics for each junction are provided in Supporting Information.

The conductance exhibits an exponential decrease with mo-
lecular length consistent with off-resonant tunneling models.16

As shown in Figure 3d, the tunneling decay constant β was
0.90 per carbon (0.75 Å�1) which is consistent with previously
reported values using break junctions, scanning tunneling micro-
scopy, electrochemistry, and large area devices.2,8,17 The con-
ductance peaks are nearly equally spaced with no clear trend in
the spacing as the number of incorporated molecules increased.
Peak broadening in the histograms is the summation of several
effects: intrinsic broadening due to electromagnetic noise and
thermal vibration at the molecule/Au interface, broadening due
to various contact and molecular geometries, and the possibility
of a change in the number of contacted molecules during the
acquisition of a data point. The absolute value of our measured
molecular conductance is within an order of magnitude of previ-
ously reported values for individual alkane molecules.18 In con-
trast to most single molecule measurements, our molecules are
incorporated in a monolayer with potential electronic and struc-
tural interactions between adjacent molecules. We expect that

comparison between in situ SDMD and break junction techni-
ques will provide critical insights into the role of contact
chemistry and intermolecular effects.

To investigate the effect of molecular energy levels on charge
transport, conductance through a series of azobenzene (AB)
monolayers with similar lengths but varying orbital energies was
measured, with the results listed in Table 1. For nitroazobenzene
(NAB), the electron withdrawing nitro group lowers the highest

Figure 2. Molecular conductance of octylamine (C8) monolayer:
(a) Conductance versus Au deposition time for a C8monolayer attached
to the carbon sidewall. Conductance steps of 1.4 � 10�5 Go were
observed during contact formation and as negative steps after Au
deposition. The inset shows a current�voltage curve containing seven
C8 molecules, as determined by counting the number of previous
conductance steps. (b) The conductance histogram during formation
of the C8/Au junction shows clear conductance peaks, where the center
of the fitted Lorentzian distributions are projected as dashed red lines in
panel a. Similar conductance peaks were observed after Au deposition, as
shown in the inset to panel b. Spacing between the conductance steps
and peaks is the single molecule conductance for an n-octylamine
molecule in an n-octylamine monolayer. Histograms consisted of about
20 000 data points collected with an integration time of one power
line cycle (16.6 ms) for each point with a “bin” width of ∼5% of the
conductance peak spacing.

Figure 3. Molecular conductance of a series of aminoalkane mole-
cules. (a�c) Conductance histograms for C4, C6, and C10 aminoalkane
monolayers with the peaks fitted to Lorentzian distributions. The
histograms were constructed from three separate junctions for C4 and
C6, and two separate junctions for C10. All histograms contained at least
12 000 data points measured every 50 ms. Spacing between the con-
ductance peaks does not show a trend with the number of observed
conductance steps. Observed substructure within individual conduc-
tance peaks are most likely caused by various molecular/Au bonding
geometries. (d) The single molecule conductance decreased exponen-
tially with molecular length with a tunneling decay constant of β =
0.90 per carbon (0.75 Å�1).

Table 1. Molecular conductance of seven molecules from a
total of 25 junctionsa

molecule

no. of fabricated

junctions

total no.

histogram peaks

average ( stardard deviation

peak spacing (Go � 10�5)

C4�NH 3 21 75 ( 15

C6�NH 3 17 10.2 ( 1.9

C8�NH 3 13 1.39 ( 0.23

C10-NH 2 10 0.32 ( 0.07

NAB 5 27 2.0 ( 0.4

AB 4 22 20 ( 3

DAB 5 27 69 ( 11
a Spacing between histogram peaks stated in units of Go� 10�5, e.g. C4

has a conductance of 75� 10�5Go, or 58 nS. Histograms showing a total
of 137 conductance peaks were constructed from the 25 current-time
traces, and centers of the conductance peaks were determined from
Lorentzian fits.
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occupied molecular orbital (HOMO) energy and decreases the
single molecule conductance by a factor of 10 compared to AB.
The electron donating dimethylamino group in dimethylami-
noazobenzene (DAB) raises the HOMO energy and results in a
5-fold increase of conductance compared to AB, despite the
longer tunneling distance for DAB. This trend of higher con-
ductance when the HOMO energy is closer to the bulk Fermi
level (EF

bulk = �4.9 eV) of the carbon sidewall provides strong
evidence for HOMO transport through azobenzene molecules
and shows that conductance modification through end group
tailoring can be achieved, thus providing a critical step toward
rational design.

For off-resonant tunneling through molecules, it is commonly
accepted that molecular conductance (Gmol) can be modeled as

Gmol � Aeð � d
ffiffi

ϕ
p Þ

where A is a constant, d is the molecule length, and ϕ is the
tunneling barrier. For HOMO tunneling, the tunneling barrier
can be approximated by the difference between the molecular
HOMO and the Fermi energy (EF) of the contact electrode.
Included in Table 2 are the calculated HOMO energies of the
free molecules and the interfacial work function (EF

mol) of the
carbon contact with its respective bonded monolayer, as deter-
mined by ultraviolet photoelectron spectroscopy.19 The change
measured in the EF

mol relative to the bulk EF is consistent with
the associated molecular dipole of the monolayer.20 Plots of the
natural logarithm of the observed molecular conductance versus
d
√
ϕ are shown in Figure 4a, with the barrier determined either as

EF
bulk � EHOMO or EF

mol � EHOMO. The slopes in Figure 4a
differ due to the effect of the molecular dipole on the apparent
EF of the carbon contact, but in both cases there is a monotonic
dependence which is consistent with off-resonant tunneling
through the HOMO. The effect of the molecular dipole on the
HOMO and interfacial EF energies are in the same direction,
resulting in a smaller conductance change than expected through
consideration of the HOMO energy change alone. Although
there are too few points to confirm linearity, it is interesting to
note that extrapolation of the least-squares line for the EF

mol �
EHOMO data to d

√
ϕ = 0 yields an intercept of 0.95 Go. It is very

reasonable to expect the conductance to approach that of a direct
Au�C contact when the barrier height or tunneling distance ap-
proach zero. The molecular conductance does not correlate with
the LUMO energies, supporting the conclusion that HOMO
tunneling is the operative transport mechanism (see Supporting
Information). A similar mechanism has been proposed for tun-
neling through the HOMOs of single molecules,21 although the
range of observed conductance values was significantly smaller.
Since the SDMD technique does not require chemisorption at
the molecule/Au interface, the conductance of para-substituted
azobenzene molecules could be measured. With the Au contact

only physisorbed to the molecules, minimal charge transfer is
expected to result in only a weak effect of the molecule/Au inter-
action on the molecular conductance, although a stronger effect
is expected for a chemisorbed contact. Since the conduction is
governed by tunneling, the conductance modulation is most
likely caused by the effect of para-substitution on the HOMO
energies. These results show the importance of the molecular di-
pole as well as the energetics of the entire system on the mole-
cular conductance.

In situ SDMD allows acquisition of current�voltage (I�V)
curves at any point during deposition, where the number of
incorporated molecules is determined by counting the preceding
conductance steps. Figure 4b shows I�V curves for molecular
junctions containing single NAB, AB, or DAB molecules, and
fitting the curves with an off-resonancemodel results in tunneling
barriers ϕDAB < ϕAB < ϕNAB, consistent with the previous conclu-
sions and calculations from large-area junctions (Supporting In-
formation). Note that tunneling is nondissipative, and should
not cause local heating of the molecules even at the high current

Table 2. Measured and Calculated Electronic Properties for Three Azobenzene Moleculesa

molecule (length, Å) Gmol (Go x 10
�5) dipole (D) HOMO (eV) LUMO (eV) EF

mol (eV)

NAB (12.8) 2.0 ( 0.4 7.2 �6.7 �3.0 �5.1

AB (11.7) 20 ( 3 0.0 �6.1 �2.2 �4.8

DAB (14.0) 69 ( 11 �4.6 �5.0 �1.5 �4.5
aThe molecular conductance (Gmol) was determined from the average peak spacing of five histograms for five NAB junctions, four AB, and five DAB
junctions (see Supporting Information for detailed statistics). Molecular lengths, dipoles, and energy levels calculated with Gaussian ’03 using DFT
B3LYP/6-31G(d). Stated energies and Fermi levels are relative to vacuum. EF

mol was determined with ultraviolet photoelectron spectroscopy.

Figure 4. Electronic characteristics of a series of azobenzene molecules.
(a) Plot of the natural logarithm of the measuredmolecular conductance
verss d

√
ϕ for three azobenzene molecules, where d is the calculated

molecular length and ϕ is estimated from the difference between the
calculated HOMO energy and either the bulk EF or interfacial EF

mol of
the carbon sidewall. (b) I�V curves of junctions containing single NAB,
AB, or DAB molecules, as determined by counting the observed
conductance steps. Inset shows the normalized I�V curves for 1, 2,
and 10 NAB molecules showing minimal change in curvature as the
number if incorporated conducting molecules increases.
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densities represented by∼10 nA through a single molecule. The
I�V curves showed no changes with scan rate or maximum
current, as might be expected for local heating. The symmetry of
the I�V curves of Figure 4 is consistent with off-resonant
tunneling, which depends strongly on the tunneling distance
and average barrier height, but weakly on the difference in the
work functions of the contacts. Symmetric I�V curves from com-
positionally asymmetric molecular junctions have been reported
in the literature, such as Ag�S�molecule/eGaIn,22 Au�S�
molecule/Au,23 Au�dithiol/PEDOT�PSS3, and Au�S�
alkane�COOH/Al2O3/Au

24 junctions. Since conduction through
our junctions does not involve charge injection and the contact
work functions differ by only 0.15 eV,13 nearly symmetric I�V
curves are expected. In addition, we previously showed that a change
in thework function of the top contact by greater than 1 eV changed
the symmetry of similar molecular junctions by only a factor
of 3.8 The inset in Figure 4b shows overlaid I�V curves for
junctions containing 1, 2, and 10 NAB molecules normalized to
the same maximum current, showing that the curvature is
invariant as the junction conductance increased. This result is
consistent with equal conductance peak spacing in the histo-
grams and indicates either that conductance is additive for the
increasing number of conducting molecules, or the contacted
molecules are widely spaced on the molecular monolayer. Al-
though possible, sequentially contacting 6�10 widely spaced
molecules within a monolayer by the diffusing Au contact is
unlikely. This trend was observed for all aliphatic and aromatic
molecules studied, suggesting that molecular conductance within
a molecular layer is additive with the number of conducting
molecules, at least for junctions containing less than ten mole-
cules in parallel. It should be noted, however, that the conduc-
tance “per molecule” reported for “large area” junctions of the
same molecules4,8,25 is significantly lower than the single-mole-
cule conductance reported herein, implying that additivity does
not apply when a large number of molecules are oriented in
parallel. We are currently investigating the reasons for this
discrepancy, by extending the series of I�V curves shown in
Figure 4b (inset) to much larger junction areas.

The in situ SDMD paradigm is amendable to a variety of
materials, as well as a wide range of molecular structures with
different energy levels, dipoles, and conjugation. The ability to
monitor conductance in situ during contact formation with
single-molecule resolution suggests additional applications, such
as conductance measurements on biological molecules, fuller-
enes, and conjugated polymers.
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