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ABSTRACT: This work demonstrates the use of single-layer graphene as a
template for the formation of subnanometer plasmonic gaps using a scalable
fabrication process called “nanoskiving.” These gaps are formed between
parallel gold nanowires in a process that first produces three-layer thin films
with the architecture gold/single-layer graphene/gold, and then sections the
composite films with an ultramicrotome. The structures produced can be
treated as two gold nanowires separated along their entire lengths by an
atomically thin graphene nanoribbon. Oxygen plasma etches the sandwiched
graphene to a finite depth; this action produces a subnanometer gap near the
top surface of the junction between the wires that is capable of supporting
highly confined optical fields. The confinement of light is confirmed by
surface-enhanced Raman spectroscopy measurements, which indicate that
the enhancement of the electric field arises from the junction between the
gold nanowires. These experiments demonstrate nanoskiving as a unique
and easy-to-implement fabrication technique that is capable of forming subnanometer plasmonic gaps between parallel metallic
nanostructures over long, macroscopic distances. These structures could be valuable for fundamental investigations as well as
applications in plasmonics and molecular electronics.
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Nanoscale gaps formed by parallel metallic structures with
extremely small separation distances are highly desired

structures in optics and electronics. When irradiated with light,
such structures are capable of producing enormous electro-
magnetic field enhancements by confining the optical field to
the subnanometer gap. This near-field response is the basis of
analytical spectroscopy techniques such as surface-enhanced
Raman scattering (SERS).1 Nanogaps are also an enabling
component of molecular electronics in which the metallic
surfaces that define the dimensions of the nanogap behave as
electrodes.2 A major obstacle in the fabrication of these
nanogaps is the ability to template metal deposition with
subnanometer precision. Standard lithographic methods
(including electron-beam lithography and photolithography)
reach a limit of resolution nearing 10 nm.
This letter describes the fabrication of a nanogap using a

single layer of graphene as a template. Ultramicrotome
sectioning,3−6 or “nanoskiving,” of gold/graphene/gold sand-
wiches embedded in epoxy can be carried out to form
structures comprising two gold nanowires separated by a
graphene nanoribbon (Figure 1). Given that carbon is the
seventh-smallest element and has a van der Waals radius of only
0.185 nm, we believe that the nanogaps formed in our
nanoskiving process are the smallest gaps that are physically
possible to achieve by templating. Moreover, this simple

method can in principle produce thousands of quasi-copies of a
single embedded structure by automated sectioning.7 The
nanogap structures produced by nanoskiving could find a broad
range of application in devices where nanoscale gaps play a
critical role, such as SERS sensing, molecular electronics,2 and
metamaterials.8

Conventional methods of nanofabrication are generally
expensive and usually require access to a cleanroom. Progress
in understanding the behavior of materials at small length scales
could be accelerated by simple techniques that use tools to
which most researchers already have access. Moreover,
scanning-beam techniques are slow and serial, and are most
adept at producing low-aspect-ratio structures of single
materials in a single step. Electron-beam lithography (EBL)
cannot generate gaps smaller than a few nanometers, and
focused-ion-beam (FIB) lithography is known to contaminate
structures with the ions used for milling and thus is problematic
in some optical applications.9 Soft lithography,10 nanoimprint
lithography,11,12 dip-pen nanolithography,13 and processes that
rely on self-assembly are relatively simple techniques that can
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master and replicate structures, but forming nanoscale, or
subnanoscale, gaps remains a particular challenge.
Nanoskiving is the nickname given to the use of ultra-

microtome sectioning for the purposes of nanofabrication.6 The
ultramicrotome is a mechanical cutting tool that uses a single-
crystal diamond blade to section samples of materials into slabs
as thin as 20 nm for examination by electron microscopy.
Nanoskiving is a form of edge lithography.14,15 That is, it
converts a structure (e.g., a film) that is thin in the vertical
dimension to one that is thin in the lateral dimension. Recently,
Pourhossein et al. created nanoscale gaps between gold
electrodes by sectioning gold/molecule/gold trilayer structures
with an ultramicrotome.16 In that work, the thickness of a self-
assembled monolayer (SAM) of alkanethiolates immobilized on
the gold surface determined the width of the gap. Using this
method, the authors were able to measure the current density
through molecular tunnel junctions ≤5 nm thick. We reasoned
that by using the thickness of a planar molecule, it should be
possible to fabricate subnanometer gaps in a controlled manner.
Nanoskiving is capable of producing laterally arranged, high-
aspect-ratio structures comprising multiple materials in the
same plane that would be difficult or impossible to fabricate
using conventional tools.5 The technique has been particularly
useful for fabricating arrays of closed or open loops for optical
applications.17 The fabrication of nanometer or subnanometer
gaps by nanoskiving could enable fundamental studies such as
determination of the effect of quantum tunneling on surface-
enhanced Raman scattering (SERS).1

Our group recently described a technique of synthesizing
single-layer graphene by chemical vapor deposition and
depositing it on a range of substrates in a way that does not
require etching of the copper growth substrate.18 The method,
metal-assisted exfoliation (MAE), uses the high adhesion of
certain metals such as nickel, gold, and cobalt to graphene to
strip graphene from the copper substrate on which it is
grown.18 Figure 1 summarizes the procedure we developed in
this letter, which combines the MAE process with nanoskiving.

The MAE process produces high-quality graphene sheets that
are intact over large areas. It also ensures intimate contact of
graphene with both gold films and minimizes contamination of
the interfaces and the occurrence of holes. Throughout the
MAE process, the graphene layer is supported by a relatively
rigid layer of gold at all times (the graphene is never free-
standing). This mechanical support suppresses the occurrence
of folds and wrinkles in graphene and thus enforces a
separation between the gold layers of 3.4 Å throughout the
length of the gold/graphene/gold composite film, and the
composite nanowires after they are sectioned.
The final composite structures produced (Figure 1) can be

treated as two long parallel gold nanowires longitudinally
bisected by a single graphene nanoribbon. There are two
extreme relative orientations of the knife with respect to the
edge of the embedded film during the sectioning process: one
in which the blade is parallel to the edge of the film, and one in
which it is perpendicular to the edge of the film. The anisotropy
of the cutting process compresses the axis of the epoxy slab
parallel to the direction of cutting and leaves the axis
perpendicular to the direction of cutting unchanged. The two
orientations thus produce different morphologies in the gold/
graphene/gold structures in the offcut (“slab”) that ultimately
affect the yield, the properties of the structures produced, or
both.
Composite wires can be obtained reproducibly from either

parallel or perpendicular sectioning without substantial defects,
other than those imposed by the defects on the diamond knife,
but composite wires obtained from perpendicular sectioning
were preferable. In perpendicular sectioning, the likelihood of
the edge of the gold/graphene/gold composite film coinciding
with a defect in the knife is minimal (considering a
nondefective or newly sharpened blade). In parallel sectioning,
in contrast, the edge of the composite film is exposed to the
length of the knife, and thus, defects along the edge of the knife
will be transferred to the sectioned structures (i.e., parallel
sectioning will produce decreased yields of intact wires if the

Figure 1. Summary of the process of fabricating subnanometer graphene-templated gaps between gold nanowires using ultramicrotomy
(nanoskiving). The process is based on the metal-assisted exfoliation (MAE) of graphene from the copper substrate, metallization of both the top
and bottom surfaces of the graphene, and ultrathin sectioning of the gold/graphene/gold composite films.
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knife contains damage due to wear). The yield of nondefective
wires (not exceeding 1 break per 100 μm of wire) sectioned
perpendicularly was close to 100%, while of those sectioned
parallel was about 50%. The dimensions of the gold/graphene/
gold composite structures were w = 300 nm, h = 150 nm, and l
≈ 500 μm. The width was determined by the thickness of the
gold/graphene/gold composite film (two 150 nm thick gold
films separated by a single graphene layer). The height was
determined by the thickness setting on the ultramicrotome
(150 nm here, but 20 nm is possible, Figure S1, Supporting
Information), and the length was determined loosely by cutting
a large sample into 500 μm wide strips. This dimension is
limited by the width of the diamond knife (2.4 mm) in parallel
sectioning and by the range of fine sectioning of the
ultramicrotome in perpendicular sectioning (∼1 cm).
Figure 2 shows scanning electron micrographs of the

structures produced by cutting in the perpendicular (Figure

2a) and parallel (Figure 2b) orientations. The microstructure
observable in the gold in which grain boundaries run roughly
along the transverse axis in the perpendicularly sectioned
sample (Figure 2a) are similar to shear lamellae produced in
machined metal chips.19 Compression of embedded films in
perpendicular sectioning has previously been associated with a
greater number of defects,6 breaks and thin regions, in the wires
per unit length for pure metal films, but we did not observe this
effect for the gold/graphene/gold composite films. We attribute
the increased mechanical robustness of the gold/graphene/gold
films to a reinforcing effect of the graphene layer. Parallel
sectioning partially delaminated the gold near the top surfaces
of the wires and thus enlarged gaps formed (Figure 2b).
To investigate the origin of the dissimilar microstructures

between the wires cut in the perpendicular and parallel
orientations, we built a finite-element model of the stage in
the sectioning process in which the knife first makes contact
with the gold/graphene/gold film (Figures S2 and S3,
Supporting Information). Compression of the materials during
the sectioning process and unequal mechanical properties of
the epoxy matrix and the embedded film typically produce a
large number of defects; mechanical deformation manifests as
breaks and delaminated areas.20 These defects are due to the
uneven distribution of stress; its localization at thin areas and
microcracks cause eventual rupture.21,22 In the case of the gold/
graphene/gold composite films sectioned here, sectioning the
structure in a perpendicular orientation produced a largely
defect-free structure over lengths greater than 100 μm as
confirmed by SEM (Figure S4).

We attribute the mechanical resiliency of the gold/graphene/
gold composite to the mechanical strength of the graphene.
Graphene is known to strengthen significantly thin metallic
films composited with it.23 Such compositing results in an
increase of several hundred times in the metal yield strength,
which is achieved by blocking the propagation of dislocations
across the graphene−metal interface when the compression
vector is perpendicular to the interface.23 The absence of
substantial defects in the structures sectioned in the
perpendicular geometry suggest that the strengthening effect
is also operative when the compressed axis is parallel to the
interface. The shear direction during perpendicular sectioning is
parallel to the plane of the metal/graphene interface. In this
configuration, graphene, which possesses a tensile strength of 1
TPa24 and good adhesion to gold (∼40 meV per carbon
atom),25 reinforces the metal composite longitudinally by
accommodating and redistributing the local stresses caused by
compression.
Characterization of the composite nanowires by micro-

Raman spectroscopy revealed several interesting features. We
obtained Raman spectra of both as-sectioned wires (Figure 3a)

and those treated by oxygen plasma to remove epoxy and
graphene (Figure 3b). The laser had a wavelength of 532 nm
with a spot size of 2 μm and was polarized orthogonally to the
long axis of the wires. Enhancement by the surface enhanced
Raman scattering (SERS) effect permitted the measurement of
signals from the small amount of graphene contained within the
gold/graphene/gold nanowires. All three of the peaks
characteristic of graphene, D, G, and 2D, appeared in the

Figure 2. SEM images of gold/graphene/gold composite nanowires:
sectioned with blade perpendicular (a) and parallel (b) to the edge of
the embedded film. Parallel sectioning was performed top-to-bottom.

Figure 3. SEM images of the perpendicularly sectioned gold/
graphene/gold composite before (a) and after (b) oxygen plasma
etching. The insets are the respective Raman spectra. Note the
disappearance of D and 2D vibrational modes after plasma etching of
exposed graphene. Also, gaps formed in perpendicularly sectioned
wires after extensive etching by oxygen plasma. These gaps are similar
in width to the gaps mechanically formed in parallel sectioning but
result due to the etching of gold along the gold/graphene interface by
the oxygen plasma.
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spectra of the as-sectioned wire.26 Notably, there was a
substantial increase in relative intensity of the D peak in as-
sectioned wires in comparison to spectra obtained from planar
single-layer graphene (SLG) on gold (Figure 4a). The D peak

arises from transverse optical phonons and specifically requires
a lattice defect for the scattering condition to be satisfied. The
normalized intensity of this signal has thus been used as a figure
of merit for determining the crystalline quality of a graphene
film.27 We attribute the presence of this peak in as-sectioned
wires to the strong field enhancement located at the edges of
the gold wires, which coincide with the cleaved edge of the
graphene. This edge is an extended grain boundary that satisfies
the criterion for a scattering event characteristic of the D peak.
The peaks labeled D and 2D are characteristic of second-order
scattering processes requiring optical phonons that propagate
in-plane with graphene26 but orthogonally with a bond
vibration (transverse phonons). These processes differ only in
the sense that the D mode requires an initial elastic scattering

event by a crystal defect. After a long exposure to oxygen
plasma (3 h, 30 W, 200 mTorr), the D and 2D peaks
disappeared from the Raman spectra (Figure 3b). We
hypothesize that the near-surface graphene was relatively free
to vibrate in all modes associated with the D, G, and 2D signals
in the Raman spectra. The disappearance of the D and 2D
signals, suggesting that second-order transverse processes are
forbidden, was possibly the result of confining graphene
between the gold wires. In contrast, the G peak, which
represents both transverse and longitudinal (in-plane with
graphene and along the bond vibration) optical phonon
processes, remained after etching. We attributed the persistence
of small amounts of graphene between the wires even after
extensive exposure to oxygen plasma to the inability of reactive
ion species to sufficiently diffuse within the confined geometry
of the subnanometer gap (i.e., Knudsen regime effects).28 Only
the graphene near the surface, including any graphene
protruding from the gap between the gold nanowires along
with that at some depth within the gap, was etched. It is most
likely that during and after the oxygen plasma treatment, the
edge of the graphene ribbon is decorated with carboxylates and
hydroxyl groups. During acquisition of the Raman spectra,
these groups are subject to laser irradiation and significant
heating. Both these conditions have been previously demon-
strated to reduce graphene oxide;29 hence, it is possible that the
obtained Raman spectra are of the reduced form of the
graphene edge (gold-reduced or hydrogen-terminated). The
splitting of the remaining G-peak, evident in the spectra of the
oxygen plasma treated wires, may be attributable to uniaxial
strain, either epitaxial or induced by the sectioning process, on
the edge of the graphene that remained intact.30 It is important
to note that, to our knowledge, this is the first time a Raman
spectrum of graphene has been obtained edge-on, with the
incident wave propagating in-plane with graphene (especially
after etching away the near-surface graphene).

Figure 4. Raman spectra of 150 nm thick gold film/graphene/ultrathin
gold film sandwich obtained from planar composite (a). SEM images
of gold/graphene/10 nm gold composite (b) and gold/graphene/20
nm gold composite (c).

Figure 5. Finite element analysis simulation of the electric field distribution between the gold wires in cross-section (a). Note the significant E-field
intensification at the opening of the crack between the wires as compared to that at the corner of the wire (the gap taper was determined by atomic
force microscopy (AFM); Figure S5, Supporting Information). Raman map of 1002 cm−1 benzenethiol peak of gold/graphene/gold composite wire
(b), a 300 nm wide gold wire (c), and a 150 nm wide gold wire (d); scale bars = 8 μm. Dependence of the Raman spectra of benzene thiolate taken
from the sectioned wires on the angle of polarization of the laser (e). Raman spectra of benzene thiolate produced by the control samples: 300 nm
wide gold wire (f) and 150 nm wide gold wire (g).
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To verify that it was in principal possible to etch the
graphene completely in the absence of a second gold wire, we
sectioned a gold/graphene bilayer. Plasma etching of this
structure completely eliminated signals associated with
graphene from the Raman spectrum. To determine if
confinement of graphene between gold layers was indeed
responsible for the disappearance of the D and 2D peaks, we
took Raman spectra of the samples where ultrathin layers of
gold were evaporated on top of gold-exfoliated graphene films
(Figure 4a). We found that deposition of 10 nm of gold onto
the exfoliated graphene (Figure 4b) depressed the 2D peak by
about a factor of 2, as compared to the G peak. In comparison,
the D peak significantly increased, which indicated a more
defective structure. This observation has been reported in
similar gold−graphene interfaces.31 Additionally, evaporated
thin layers of gold on top of planar graphene formed
discontinuous gold islands. Considering the absorption peak
of gold in the visible range is very close to 532 nm (the
wavelength of excitation),32 used in the experiment, the islands
can absorb the excitation radiation, forming thermal hot spots
due to their discontinuous nature. These hot spots potentially
cause thermal damage to the underlying graphene and could
account for the increased D peak. Evaporation of a thin gold
overlayer also produced a blue shift and substantial broadening
of the 2D peak (characteristic of a graphitic structure).26 When
20 nm of gold was evaporated (Figure 4c), the 2D signal
reduced substantially in intensity, while the intensity of the D
peak remained unchanged. Similar attenuation and line
broadening of the 2D mode has also been observed in
multilayered graphene.33 These observations are consistent
with the hypothesis that physical confinement of the graphene
by gold produced the effects observed in the sectioned samples.
We next investigated the enhancement of the electric field in

the gap. Using finite-element analysis (FEA), we modeled the
electric field distribution in the cross-section of the composite
wire (Figure 5a) in COMSOL. According to the simulation, the
gap between the wires had a significantly increased electric field
as compared to that at the outside corners of the wires. It is
believed that quantum tunneling decreases the electric field in
gaps between metallic structures smaller than approximately 1
nm, and thus, subnanometer gaps should significantly reduce
the SERS effect.1 COMSOL software is incapable of taking into
account the quantum effects of tunneling; thus, we
experimentally determined whether the SERS enhancement
originated from the gap or simply from the outside edges of the
wires. To test this hypothesis, we formed a self-assembled
monolayer (SAM) of benzenethiolate on the exposed surfaces
of an oxygen plasma-etched composite wire and two types of
control wires: a single solid gold wire with similar dimensions
to the composite wires (h = 150 nm, w = 300 nm, l = 500 μm)
and a single solid gold wire with dimensions equal to only one
of the wires in the composite (h = 150 nm, w = 150 nm, l = 500
μm). All wires were deposited on top of a silicon wafer bearing
an evaporated gold film (150 nm) prior to the deposition of the
SAM. We then obtained high-precision Raman maps of the
spatial distribution of the 1002 cm−1 peak (characteristic of
benzenethiolate). As seen on the Raman map (Figure 5b), the
composite wire produced a well-defined signal that could be
overlaid with the long-axis of the wires bearing the nanogap,
while the signal originating from the two control solid gold
wires were indistinguishable from the background benzene-
thiolate signal originating from the planar gold substrate
(Figures 5c,d).

We also examined the dependence of the intensity of the
Raman signals on polarization (Figure 5e). As expected,
polarization of the laser beam orthogonal to the long axis of
the nanogap generated the strongest signal because of the
strong near-field response in the gap between the wires. The
strength of the signal originating from benzenethiolate obtained
from the composite wire (Figure 5b) was a factor of 50 greater
than those obtained from the control wires (Figure 5f,g). This
observation suggests that the SERS signal is overwhelmingly
dependent on the gap mode of the two wires spaced by
graphene, as opposed to the enhancement generated by the
outside corners of the wires illustrated in Figure 5a. Similar
results were obtained by using 1-butanethiol as the analyte for
the SERS study of the gap (Figure S6, Supporting
Information).

Conclusions. This letter demonstrated the use of nano-
skiving combined with graphene spacers as templates for
forming lateral subnanometer gaps reproducibly and with high
yields. Composite nanowires fabricated in this fashion produce
significantly enhanced SERS signals compared to control
samples that did not contain gaps, and this study thus suggests
the potential use of such structures in applications for nanoscale
optics. Raman spectra of graphene sandwiched by metallic films
in both vertical and horizontal orientations were obtained and
revealed new details about graphene vibrational modes in such
architectures. Varying the orientation of the blade with respect
to the embedded films was shown to produce wires with
slightly different geometry of the cross-section of the gap.
Additionally, compositing metallic films with graphene as the
interlayer resulted in reinforcement of the films not only in the
lateral but also in the longitudinal direction by significantly
increasing the ultimate strength of the metallic films, as shown
by the absence of defects in the structures obtained by
perpendicular sectioning of the composite wires. It is possible
that functionalization of graphene used for templating the
nanogaps, or the use of multilayer graphene, could be used to
render the methodology amenable to applications in nano-
electronics.
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