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A
central challenge to electrically inter-
facing molecules from our macro-
world is producing nanostructures

that possess both features on the molecular
scale;single nanometers;and on a scale
large enough to connect to external
circuitry.1,2 Several methods of fabricating
nanoscale gaps with controlled spacing
have been reported, including mechanical
break junctions,3 electron-beam lithogra-
phy,4 electrochemical plating,5,6 electro-
migration,7 focused ion beam lithography,8

shadow evaporation,9 scanning probe and
atomic force microscopy,10 on-wire litho-
graphy,11 and molecular rulers.12 Each of
these methods have their own applications
and limitations, but despite all the progress
in this field, there remain challenges to
producing electrodeswith single-nanometer
spacings that can be fabricated and
positioned in a precise and controllable
manner and that are readily electrically
addressable. The most common approach
is to fabricate the “nano” part of the device,
containing a nascent gap (e.g., the sacrificial
metal in on-wire lithography or the constric-
tion point in break junctions) and then using
a lithographic process to connect it to wires
and contact pads before unmasking the
nanogap. This approach is effective, but
laborious, and because gap-sizes of single
nanometers also demand subnanometer
resolutions, they push modern nanofabrica-
tion methods to their technical limits. The
resulting complexity necessitates specia-
lized infrastructure (clean rooms, e-beam/
photolithography equipment, etc.) and the
commensurate overhead;cost, training,
and time. A more desirable approach is to
start from a simple technique that is far from
its technical limits, leaving plenty of room
for improvement and adaptation to specific
experiments/applications.
Nanoskiving is an emerging techno-

logy for nanofabrication. It is based on edge

lithography and uses an ultramicrotome to
mechanically section thin films using a dia-
mond knife that is attached to a metal
“boat” full of water.13�15 The thin-film struc-
ture is embedded in a block of epoxy that is
then pushed onto the edge of the diamond
knife, advancing each time by a set amount
that defines the thickness of each section.
The resulting slab of epoxy contains the
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ABSTRACT

This paper describes the fabrication of electrically addressable, high-aspect-ratio (>10000:1)

nanowires of gold with square cross sections of 100 nm on each side that are separated by gaps

of 1.7�2.2 nm which were defined using self-assembled monolayers (SAMs) as templates. We

fabricated these nanowires and nanogaps without a clean room or any photo- or electron-

beam lithographic processes by mechanically sectioning sandwich structures of gold separated

by a SAM using an ultramicrotome. This process is a form of edge lithography known as

Nanoskiving. These wires can be manually positioned by transporting them on drops of water

and are directly electrically addressable; no further lithography is required to connect them to

an electrometer. Once a block has been prepared for Nanoskiving (which takes less than one

day), hundreds of thousands of nanogaps can be generated, on demand, at a rate of about one

nanogap per second. After ashing the organic components with oxygen plasma, we measured

the width of a free-standing gap formed from a SAM of 16-mercaptodohexanoic acid (2.4 nm in

length) of 2.6( 0.5 nm by transmission electron microscopy. By fitting current�voltage plots

of unashed gaps containing three alkanedithiolates of differing lengths to Simmons'

approximation, we derived a value of β = 0.75 Å�1 (0.94 nC
�1) at 500 mV. This value is in

excellent agreement with literature values determined by a variety of methods, demonstrat-

ing that the gap-size can be controlled at resolutions as low as 2.5 Å (i.e., two carbon atoms).

KEYWORDS: nanoskiving . nanogaps . molecular electronics . self-assembled
monolayers . nanofabrication
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cross-section of the thin film and floats on the surface
of the water in the boat. Successive sections stick
together by hydrophobic interactions creating a “rib-
bon” of nanostructures that can be transferred either
all-together or one-at-a-time to a substrate via a drop
of water. The slabs can also be aligned magnetically
(by incorporating nickel into the epoxy) as the water
evaporates, allowing the sections to be placed and
oriented as desired.16 Nanoskiving is particularly useful
for generating nanostructures comprising more than
one material17 because the process is mechanical
and therefore compatible with soft materials such
as conjugated polymers18,19 and delicate organic
compounds that would not survive the etching and
development steps of conventional e-beam/photo-
lithography. And edge lithography lends itself to creat-
ing structures with high aspect ratios, which is ideal for
producing nanogaps that are directly addressable.
Nanoskiving is also simple and fast, requiring no
special infrastructure such as clean rooms or semicon-
ductor fab tools and it produces nanostructures on-
demand. In principle, Nanoskiving does not even
require electricity, sans the minute amount consumed
by the electric motors that advance the block toward
the knife.

RESULTS/DISCUSSION

Fabrication. We are particularly interested in the
application of nanogap structures to construct metal�
molecule�metal tunneling junctions, where mol-
ecules are placed between electrodes through which
they can be addressed from themacroworld. There are
three general approaches to addressing molecules
electrically: (i) forming gaps in electrode materials
that are on the same length scale as the molecules
of interest and then allowing (typically only a few
of) these molecules to self-assemble into the gaps;
(ii) forming SAMs and then applying a top-contact;
and (iii) forming monolayers parallel to the surface
of nanogap electrodes.20,21 We combined these ap-
proaches by forming SAMs on thin films (100 nm) of
gold, evaporating a second layer of gold (100 nm)
to form a gold/SAM/gold sandwich, and then slicing
thin sections (50�100 nm) perpendicular to the plane
of the SAM by Nanoskiving. The resulting structures
comprise two nanowires separated by the smallest
dimension of a SAM. This method circumvents the
high frequency of electrical shorts (∼98.8% for al-
kanthiolates on gold22) that normally results from
depositing metal contacts directly onto SAMs because
the total area of the skived SAM is only ∼50 μm2.23

(For comparison, liquid Ga�In contacts yield 85�90%
working junctions and are∼1000 μm2, while liquid Hg
contacts are 10� larger and yield <50%.24,25) Nano-
skiving has been used in combination with photolitho-
graphic techniques to produce electrically addressable

nanowires separated by a 30 nm-thick layer of SiO2,
26

but applications in tunneling junctions require gaps
below 10 nm. In addition, we greatly simplified the
fabrication process and eliminated the use of photo-
lithography by simply offsetting the evaporated gold
features by hand. The entire procedure is summarized
in Figure 1. A silicon wafer is cleanedwith an air plasma
and then passivated with a perfluorinated trichlorosi-
lane. Rectangles of gold (1�2 mm) are deposited by
evaporation through a Teflon mask. Epofix epoxy
prepolymer is poured over the entire wafer, covering
the gold features, and the epoxy is cured before being
template-striped27 by separating the epoxy from the
wafer; the gold features remain adhered to the epoxy.
A SAM is formed by submerging these features in a
1 mM ethanolic solution of the appropriate thiol over-
night. A second set of gold rectangles is deposited by
placing the Teflon shadowmask over the SAM-covered
gold features with an offset of 250�500 μm with
respect to the first evaporation. This offset will even-
tually define the longest dimension of the gap, and it
can be accurately measured using a microruler before

Figure 1. A schematic (not to scale) of the fabrication of
STAN electrodes. The left column is the top-down view and
the right column is the side-view. (A) A 100 nm-thick layer of
gold is deposited through a Teflon shadow mask onto a
fluorinated silicon wafer via thermal evaporation to pro-
duce an array of millimeter-sized rectangles. (B) Themask is
removed and the gold features covered in epoxy. After the
epoxy cures, it is separated from the wafer such that the
gold features remain adhered to the epoxy. A SAM is then
formed on the newly exposed gold surfaces. (C) The Teflon
mask is placed over the SAM-covered gold features with an
offset of 250�500 μm and another 100 nm-thick layer of
gold is deposited. (D) The mask is removed and the gold/
SAM/gold features are separated by rough-cutting the
epoxy with a jeweller's saw. The features are then em-
bedded in epoxy and sectioned with an ultramicrotome.
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embedding the entire structure in epoxy for section-
ing. Figure 2 is a schematic of the resulting SAM-
templated addressable nanogaps (STANs) and how
each dimension is defined; the longest dimension by
the shadow mask, the smallest (the gap) by the thick-
ness of the SAM, the width by the ultramicrotome, and
the thickness by the evaporation of the gold.

The resulting structures are 2�4mm in total length,
but since the length of the gap (dimension E from
Figure 2) is only 250�500 μm, 0.75�1.75 mm of each
wire is available for electrical contact, obviating the
need for further lithography to connect the wires to an
electrometer. The gold wires have square cross sec-
tions of only 100 nm on a side and are therefore too
fragile to directly contact using a probe station; how-
ever, contact pads can be applied by hand using small
drops of a liquid conductor such as silver paste or
conductive carbon paint. We used a combination of
silver paste and micrometer-sized tips of eutectic
Ga�In (EGaIn) formed at the tip of a syringe.28 The
ability to pick-and-place nanogaps and then contact
them directly is unique to STAN electrodes. The typical
trade-off between directly fabricating nanogaps via

photo/e-beam lithography and forming them via chem-
ical process in a template is that the former allows the
gaps to be fabricated in-place, but is constrained by the
resolution of lithography, while the latter may produce
large numbers of gaps, but they must be addressed
one-at-a-time using e-beam lithography to form con-
tact pads. Nanoskiving falls somewhere between;
STAN electrodes are fabricated serially at a rate of ∼1
s�1 and each block can produce hundreds
of thousands of STAN electrodes (and the blocks are
fabricated dozens at a time). The individual sections
can be placed onto arbitrary substrates (that are

sufficiently wetted by water) with control over position
and orientation, or they can be transferred from the
boat as a ribbon of several sections by dipping a
substrate into the water and slowly raising it from
underneath the ribbon (see Supporting Information
for a photograph of a ribbon). Although we use silver
paste for convenience, it is by nomeans necessary; the
STAN structures could, for example, be placed onto
predefined contact pads. Gaps of different sizes can
also be combined onto one substrate simply placing
different STAN structures next to each other. Thus,
hundreds of nanogaps of various sizes can be fabri-
cated, positioned, and wired up by hand, in a matter of
minutes, and directly on the benchtop. Our average
fabrication rate was 12 seconds per completed device,
from sectioning to connection to the electrometer
(excluding oven-drying and acquiring I/V curves, which
are nonserial processes). The fabrication process pre-
sented in this paper also represents the low end of
complexity for Nanoskiving and utilizes a commercial
ultramicrotome that is designed neither for high
throughput nor automation.

Electron Microscopy. We initially prepared STAN elec-
trodes of four different gap-widths, one using hexade-
cane-1,16-dithiol (SC16S), one using tetradecane-1,
14-dithiol (SC14), one using dodecane-1,12-dithiol
(SC12S), and one using hexane-1-thiol (SC6). The end-
to-end (S�S for the dithiols and S�C for SC6) length of
each molecule in the extended (AM1 minimized) con-
formation is 21.7, 19.7, 17.0, and 7.8 Å respectively. In
principle the SAMs of these molecules will produce
STANs with gaps-widths of the hypotenuse formed
from these lengths and the tilt-angle of the respective
SAMongold; however, SAMs of SC6 are disordered and
liquid-like at room temperature, while SC12S, SC14S,
and SC16S form well-ordered, (liquid) crystalline
SAMs.29 Moreover, the methyl-terminated SAMs of
SC6 will likely have a lower-energy interaction with
gold than the thiol-terminated SAMs of SC12S, SC14S,
and SC16S. Thus, if the SAMs are able to template
nanogaps, we have three expectations: (i) SAMs of SC6
should not produce a gap; (ii) both SC16S and SC12S
should form gaps and these gaps should be stable due
to the stronger interaction of thiols with gold;30 and (iii)
the gaps produced by SC16S, SC14S, and SC12S should
differ in size. This last expectation is experimentally
challenging to observe, as the difference in widths of
the gaps is expected to be less than one nanometer.
While it is preferable to image the STAN structures as-
fabricated, due to excessive charging of the Epofix
resin, we had to ash the organics (including, presum-
ably, the SAMs) using an oxygen plasma (∼15 min)
before imaging by SEM; representative electron micro-
graphs are pictured in Figure 3. There is no visible gap
between the gold wires formed using SC6, implying
that the liquid-like SAM was readily penetrated by
the evaporated gold; however, the gaps formed from

Figure 2. A schematic (not to scale) of the dimensions of the
STAN electrodes showing how each dimension is defined.
(A) The length of each wire is defined by the shadow mask.
(B) The size of the gap between the wires is defined by the
thickness of the SAM. (C) The total width is defined by the
two gold deposition steps. (D) The depth is defined by the
ultramicrotome. (E) The amount of overlap;and the long-
est dimension of the nanogap;is defined by the offset
between the first and second gold-deposition steps.
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SC16S, SC14S, and SC12S are clearly visible, and the
size of the gap appears to increase with the length of
themolecule. The resolution limit of the SEM, however,
precluded the accurate measurement of features be-
low ∼4 nm. Thus, we conclude that the gap-width of
these STANs is <4 nm. The gaps and total length of the
wires cannot be resolved simultaneously (i.e., at one
magnification), but series of images across the STAN
structures reveal uniform wires and gaps. An SEM
image of the edge of the overlap between two wires
is shown in the Supporting Information. Efforts to
measure the gaps precisely using AFM, CP-AFM, and
STM failed due to either the extreme aspect-ratios of
the STANs and, for unashed STANs, the disparate
properties of the materials (i.e., gold, alkanedithiols,
and epoxy).

To determine whether the gaps extended through
the entire thickness of the STANs, we prepared STANs
that were 50 nm thick (dimension D from Figure 2) to
reduce the aspect ratio, and imaged them by TEM. For
the gaps containing SC12S, SC14S, and SC16S, aligning
the samples perfectly perpendicular to the electron-
beam proved too challenging; these gaps are on
the order of the wavelength of an electron and have
an aspect-ratio of 50:1 (height:width). In addition
to the SAMs of dithiols, we fabricated STANs using
16-mercaptohexadecanoic acid (SC15CO2H), which
forms dense SAMs that are mechanically stable (due
to internal hydrogen-bonding). We were able to re-
solve the gaps of these STANs more readily by SEM
than the gaps from the dithiols due to the apparent
poor adhesion of gold to the terminal carboxylic acid
groups, which allowed one wire to shift slightly with
respect to the other, making the sharp edges of the
gaps clearer by electron microscopy and therefore
easier to measure. The top image in Figure 4 is an

SEM of a STAN fabricated from SC15CO2H in which the
edge of the lower electrode appears brighter than the
face, drawing a sharp contrast with the gap, which
appears dark. We were able to image the gap of one of
these STANs by TEM (Figure 4; bottom) as well, from
which we calculated a width of 2.6 ( 0.5 nm by
comparing the pixel intensity versus displacement
from five different regions distributed across the STAN
structure. (The clarity of the gap is remarkable given
the challenges of unambiguously resolving TEM images
of gaps below 10 nm.31) More importantly, the TEM
image shows that the gap extends through the entire
thickness of the STAN, which implies that the deposited
gold did not penetrate the SAM sufficiently to form
filaments and that free-standing STANs (i.e., after ashing
the organics with oxygen plasma) with gaps of ∼3 nm
are mechanically stable.

Electrical Measurements. The disparate dimensions of
STAN structures;nanometers in two dimensions and
millimeters in the third;make it impossible to directly
image them in their entirety. Electrical measurements,
however, provide an indirect estimate of the size of a
nanogap, provided the emission area can be estimated
reasonably; we can measure the largest dimension (E
from Figure 2) directly, and the other (D from Figure 2)
is defined by the ultramicrotome. To measure the J/V
characteristics, we made electrical contact by placing
the epoxy sections containing STAN electrodes on a
clean SiO2 substrate and then applying drops of silver
paste to each electrode under a light microscope.
(While the electrodes themselves are too small to
visualize, the index mismatch between the epoxy slab
and gold nanostructures creates a line that is clearly

Figure 3. Scanning electronmicrographs of the gaps of four
different STAN electrodes prepared using different thiols as
templates, after ashing the organics with oxygen plasma.
From top to bottom: SC6 results in no visible separation
between the two gold wires; SC12S shows a clearly visible
gap; SC14S shows a clearly visible gap that is qualitatively
larger than the gap formed by SC12S; SC16S shows a clearly
visible gap that is qualitatively larger than the gaps formed
by SC12S and SC14S. All three of the gaps formed by SAMs
of dithiols are below the resolution limit of the instrument
(∼4 nm), thus they are labeled as “<4 nm”.

Figure 4. Scanning (top) and transmission (bottom) elec-
tron micrographs of gaps formed using 1-mercaptohexa-
decanoic acid, after ashing the organics with oxygen
plasma. The light region in the bottom (TEM) image shows
that the gap extends through the entire thickness of the
gold wires (100 nm). The width of this light region is 2.6 (
0.5 nm. The gap in the top (SEM) image appears to be
significantly larger than 2.6 nm because the wires are tilted
slightly downward, and are offset slightly, creating a high
contrast between sharp edge of the lower wire (the cross
section of the wires is rectangular) and the shadow from the
upper wire.
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visible to the naked eye.) We then placed the substrate
in a home-built Faraday cage and grounded one of the
electrodes using a small drop of EGaIn to connect the
pad of silver paste to a tungsten probe. We contacted
the other electrode by positioning a syringe with a
sharp tip of EGaIn over the other pad of silver paste,
bringing it in contact, and connecting the syringe to
the electrometer (see Supporting Information). We
observed four distinct behaviors: (i) no-contact, char-
acterized by noisy, hysteretic currents in the pA regime;
(ii) shorts, characterized by linear I/V curves with
currents in the μA regime (see Supporting Information);
(iii) poor-contact, for which we initially observed no-
contact I/V curves, but could observe shorts after
placing the EGaIn tip between the two silver pads
(i.e., over the gap, bridging the two electrodes); and
(iv) working STAN electrodes, characterized by
S-shaped I/V curves of reproducible, low-noise currents
in the nA regime.

The J/V data for SC12S, SC14S, and SC16S are
plotted in Figure 5. We calculated J (A/cm2) using the
maximum theoretical emission area of the height,
defined by the ultramicrotome and the width, defined
by the shadow mask and measured using a micro-
meter during fabrication (i.e., E and D from Figure 2).
Although the actual emission areamaybe smaller (due,
for example, to deformation frommechanical stresses),
this calculation assumes that any variations in size are
systematic across all STANs and all three lengths of
dithiols. The yields of working STAN electrodes are
shown in Table 1; the average yield for STAN electrodes
fabricated using dithiols is 58%. The lowest yield of
13% (for SC15CO2H) and the highest yield of 71% (for
SC14S) far exceed the ∼1.2% that is typical for evapo-
rated gold top-contacts (without a buffer layer).22

While this result is counterintuitive in that longer
dithiols should form more mechanically robust SAMs,
the quality of the diamond knife can adversely impact

yields by introducing occasional breaks between
where the silver paste is applied and the junction
(i.e., no-contacts) due to nicks in the cutting edge that
can result from heavy usage. (Though likely not from
fabricating the STANs in this paper, as gold films do not
typically damage diamond knives.) We interpret poor-
contacts and no-contacts as varying degrees of poor
electrical contact between the silver paste and the
electrodes;and not defects in the STAN electrodes
themselves;because we were able to deliberately
short the former, and we did not observe any disconti-
nuities in any of the (dozens of) STANs that we
examined by SEM; however, the aspect ratios of the
STANsmakes inspecting the entire length ofmore than
a few of them impractical. Thus the frequency of these
phenomena is not intrinsic to the fabrication process
and can therefore be reduced. Shorts are most likely
caused by the gold penetrating through defects in the
SAM during deposition and are therefore intrinsic to
the choice of SAM, metal, and deposition method. For
dithiols, these defects can arise from the molecules
forming loops by attaching to the gold through both
thiols, which can be mitigated by fine-tuning the
concentration and exposure time during the formation
of the SAM.32 Other types of defects can be mitigated
by improving the quality of the template-stripped gold
surface, using silver (SAMs of alkanethiolates pack
more densely on silver than gold), improving the
mechanical stability of the molecules via functionaliza-
tion, and sharpening the diamond knives regularly.

The simplest approach to determining the dimen-
sions of a tunneling gap that is too small to directly
measure is to fit I/V curves of the gap to Simmons'
approximation for a rectangular tunneling barrier,33

however that requires removing the molecules from
the STAN electrodes, as this approximation is not valid
for alkanedithiols. Unfortunately we were unable to
reliably remove the SAMs while retaining reproducible
I/V data. Treatment with oxygen plasma, while result-
ing in intact STAN structures by SEM and TEM, yielded
large spreads in the I/V curves (see Supporting
Information). Exposure to piranha solution (H2SO4 in
H2O2) yielded similar results. These spreadsmay simply
be due to the oxidation of the pads of silver paste;
the average resistance of single gold nanowires con-
nected through pads of silver paste decreases from
2.57 to 1.58 kΩ after 15 min of exposure to oxygen
plasma. Regardless, using another form of Simmons'

Figure 5. Log current-density versus potential plots for
STAN electrodes fabricated from three different dithiols;
SC12S (black squares), SC14S (red triangles), and SC16S
(blue circles). Each plot is a log-average of at least 10 scans
from five different STAN electrodes; the error bars are the
variance.

TABLE 1. The Yields of Working Junctions from STAN

Electrodes Fabricated Using Various Thiols

thiol no-contact (%) shorted (%) working (%) devices

SC12S 8 25 67 12
SC14S 15 14 71 14
SC16S 28 36 36 14
SC15CO2H 34 53 13 30
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approximation, J = J0e
�dβ where d is the width of the

junction and J0 is the theoretical value of J at d = 0, the
characteristic tunneling decay, β, can be extracted
from a linear fit of J as a function of the width of a
junction (or number of carbons, nC). This method
provides not only a measure of the width of a junction,
but also how precisely it can be controlled. And, since
β has been determined for SAMs of alkanthiols34

and dithiols35 in a variety of systems, it offers strong
evidence that the dithiols are defining the width
of the junction and carrying the tunneling current;
other possible carriers such as gold filaments or con-
striction points would yield a very different value
for β. While there is a range of reported values of
β for alkane backbones, the emerging consensus
that it is 0.51�0.78 Å�1 (0.71�1.10 nC

�1) at 200�
500 mV.24,25,36,37 Figure 6 is a plot of ln J at 500 mV
(from the data in Figure 5) versus length (Å) for STAN
electrodes containing SC16S, SC14S, and SC12S. From
the slope of this plot, β = 0.75 Å�1 (0.94 nC

�1) which is in
excellent agreement with literature values. Thus, we
conclude that the gap-width of the STAN structures is
defined by the SAMs used as templates, that those
SAMs remain intact after fabrication, and that the size
of the gap can be defined with a resolution as small as
2.5 Å. Further evidence that the SAM not only remains
intact, but undamaged, is shown in Figure 7 which is a
plot of data from two STAN electrodes of approxi-
mately equal width; one fabricated using SC16S and
one using SC15CO2H, which is ∼0.7 Å shorter than
SC16S;in principle, too small of a difference to
detect by conductance measurements. Changing
the headgroup from a thiol (that is either physi- or
chemisorbed) to a carboxylic acid is, however, ex-
pected to produce detectible, but minor (and, impor-
tantly, nonexponential) changes in conductance (and
the shape of the J/V curves). We observed exactly
that;a slight change in the magnitude and shape
of the J/V curves and a slight change in rectification.
While we cannot derive the emission area from

length-dependence measurements alone, the magni-
tudes of the values of J in Figure 5 are comparable to
other SAM-based tunneling junctions in which one
of the thiols of an alkanedithiol is electronically de-
coupled from the electrode.35,38 This observation im-
plies that the “top” electrode, formed by deposition
onto the SAM, forms a physisorbed rather than chemi-
sorbed interface with the thiol end-groups (i.e., SH//Au,
not S�Au).

CONCLUSIONS

Our overall goal with thisworkwas to create a simple
method for fabricating nanogaps on the order of the
length scale of small molecules without any arduous
lithography steps. Ideally, these nanogaps could be
precisely defined by the thickness of a SAM;affording
Angstrom-level control over the width of the gaps;
that could later be removed and replaced with dithiols
of similar lengths to form devices based on tunneling
junctions. In this paper we have demonstrated the
basic concept by fabricating STAN structures with gaps
of 1.7�2.2 nm using only Nanoskiving and the hand-
placement of mm-sized shadowmasks to form gaps of
∼2 nm over areas of∼50 μm2. We can control all three
dimensions of the STANs, pick-and-place them by
hand, and they are directly electrically addressable
using a light microscope to apply contact pads of silver
paste (or using EGaIn tips). Length-dependent electri-
cal measurements on intact alkanedithiols (before
ashing the organics with oxygen plasma) clearly show
that charge-transport is dominated by tunneling
through the backbone of the SAM, demonstrating that
the gaps are indeed defined by the lengths of the
molecules in the SAMs. Thus, STAN electrodes offer an

Figure 7. Log current�density versus potential plots for
STAN electrodes fabricated from two different dithiols;
SC15CO2H (black squares) and SC16S (red circles). Each plot
is a log-average of at least 20 scans from four different STAN
electrodes. The lengths of the two thiols are within 0.7 Å of
each other, implying that the slight difference in conduc-
tance is due to the differences in electronic coupling to gold
between CO2H and SH. The small magnitude of this differ-
ence implies that the gold electrode formed by depositing
gold directly onto the SAM of SC15CO2H forms a physi-
sorbed and not a chemisorbed contact (i.e., SH//Au, not
S�Au).

Figure 6. A plot of ln(J) versus length (Å) from the data in
Figure 5 showing a linear fit (R2 = 0.99) with a slope
corresponding to β = 0.75 Å�1 (0.94 nC

�1).
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exceedingly simple platform for directly fabricating
tunneling junctions comprising SAMs that pack densely
enough to withstand the deposition of gold. These
electrodes offer five advantages over existingmethods
for fabricating nanogaps; (i) the resolution of the gap is
at least 2.5 Å; (ii) no special equipment or infrastructure
is needed to fabricate them;only an ultramicrotome;
(iii) they are directly addressable as-fabricated, requir-
ing no addition lithography steps; (iv) they can be
fabricated on-demand (the epoxy blocks used to fab-
ricate the STANs containing SC15CO2H were one year
old) at the rate of about one per second; and (v) they
can be placed onto almost any substrate with any
orientation, and can be stacked and aligned. Although
we were able to remove the SAM templates by plasma
oxidation and exposure to piranha solution, and image

them by electron microscopy, there was too much
variance in the resulting electrical measurements to
conclude that a uniform air-gap remained; however,
the absence of shorts indicates that the gaps did
not collapse. We are working on more reliable
methods for removing the SAMs completely and for
exchanging them with free thiols from solution, which
will allow the construction of tunneling junctions from
arbitrary (conjugated) thiols, in addition to thosewhich
are robust enough to serve as a template for STANs.
Also, while this work focused on STANs of gold with
gaps below 3 nm, larger gaps are readily accessible
by using any number of other sacrificial spacers, and
any material that is compatible with Nanoskiving;
including conjugated polymers;can be substituted
for gold.

METHODS
Materials. Epofix epoxy resin and hardener were purchased

from Electron Microscopy Sciences. Gold with 99.9% purity
was purchased from Schone Edelmetaal B.V. 1-Hexanethiol
and 16-mercaptohexadecanoic were purchased from Sigma-
Aldrich. 1,12-Dodecanedithiol, 1,14-tetradecanedithiol, or
1,16-hexadecanedithiol were furnished by Akkerman et al.35

(Tridecafluoro-1,1,2,2,-tetrahydrooctyl)trichlorosilane was pur-
chased from ABCR GmbH & Co. KG, and used as-is.

Fabrication. A 100 nm-thick layer of gold (in a home-built
thermal deposition system) was deposited through a Teflon
master (that defines the width of the resulting wires; 0.5 mm,
1 mm, or 1.5 mm) onto a technical-grade 300 silicon wafer
that had been treated in an air plasma cleaner (30 s) and
then exposed to (tridecafluoro-1,1,2,2,-tetrahydrooctyl)tri-
chlorosilane vapor for 1 h. The entire wafer was covered with
8.5 mL of Epofix epoxy prepolymer. After curing for three hours
at 60, the gold layer was template-stripped by carefully peeling
the epoxy from the wafer such that the gold remained attached
to the cured epoxy. The template-stripped gold-on-epoxy was
immersed in a 0.001 M solution of either 16-mercaptohexade-
canoic, 1-hexanthiol, 1,12-dodecanedithiol, 1,14-tetradecane-
dithiol, or 1,16-hexadecanedithiol in ethanol overnight. After
removing the epoxy substrate from the SAM-forming solution,
rinsing it with ethanol, and drying it at 60 for 2 min, the same
Teflon mask was placed back over the gold features, but
laterally offset by ∼80% of the shortest dimension of the Au
features. A second 100 nm-thick layer of gold was then im-
mediately deposited through the mask and the entire gold/
SAM/gold/epoxy substrate was re-embedded in Epofix prepo-
lymer (8.5 mL), which was then cured for 3 h at 60 �C. The gold
features were cut out using a jeweler's saw (into ∼4 � 10 mm
pieces) and placed into separate wells in a polyethylene micro-
tome mold (Electron Microscopy Sciences), which was then
filled with Epofix prepolymer, and cured overnight at 60 �C.

To prepare for sectioning, a block was removed from the
polyethylene mold, mounted in the ultramicrotome (Leica EM
UC-6), and trimmed to the width of the diamond knife (2 or
4 mm Diatome Ultra 35�) using a razor blade that had been
cleaned with ethanol to remove metal fragments. To fabricate a
STAN structure, the block was sectioned with the ultramicro-
tome to either 100 nm at 1 mm/s or 50 nm at 0.6 mm/s. The
epoxy sections containing the STANs were collected from the
surface of the water in the reservoir of the knife either indivi-
dually using a Perfect Loop (Electron Microscopy Sciences) or as
ribbons (see Supporting Information) of several sections to an
Si/SiO2 (for SEM) or SiO2 (for electrical measurements) substrate
by placing the substrate under the surface of the water and

raising it slowly. These sections were then dried at 60 �C to
improve adhesion to the substrate. To remove the epoxy, the
sections were treated with an O2 plasma (15 min at 1 mbar was
sufficient to remove all traces of the epoxy from 100 or 50 nm-
thick sections).

Electrical Measurements. All electrical measurements were
performed in a home-built Faraday cage using a Keithley 6430
source meter. The DUT (microtome section) was placed on
a 0.5 cm-thick piece of glass to insulate it from ground, and
held in place with a spring-loaded gold tip that was isolated
from ground. The high and low inputs (see Supporting Informa-
tion for a wiring diagram) were connected to a syringe filled
with EGaIn and an articulated probe, respectively. The low input
was grounded at the electrometer. In all cases, STAN electrodes
driven to(2 V shorted after one or two scans, producing linear
I/V curves and mA currents (see Supporting Information). This
collapse is induced by the electrostatic forces resulting from
the ∼107 V/cm electric field, and is the expected behavior
of SAMs of alkanethiolates sandwiched between deformable
electrodes. If the tunneling current was the result of a nick
in the wire, rather than the gap between the electrodes,
increasing the voltage to (2 would instead induce electromi-
gration in the nanowire, resulting in the loss of current rather
than a short.

Imaging. SEM images were acquired with a Jeol JSM 7000F
scanning electronmicroscope operated at 30 kV with a working
distance of 10 mm. Transmission electron microscopy was
performed on a Philips CM10 transmission electron microscope
operating at an accelerating voltage of 100 kV.
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