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Surface Plasmon Resonances of Free-Standing
Gold Nanowires Fabricated by Nanoskiving**
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Herein we present both a simple, experimentally convenient
method for the fabrication of gold nanowires with uniform,
controlled dimensions (Figure 1), and a systematic study of
the dependence of the plasmon resonance of these gold
nanowires on the geometry of these wires. The length of the
wires is determined by photolithography; the width is
determined by the thickness of a film fabricated by deposition
from the vapor; the height is determined by sectioning
(“nanoskiving”) with the diamond knife of a microtome.[1,2]

The cross sections of the wires can be as small as 10 nm!
30 nm. We measure the surface plasmon resonances of
individual gold wires, and show these resonances to be
determined by their cross-sectional dimensions.

Nanoparticles of noble metals (Ag or Au) show different
colors as a result of their surface plasmon resonances.[3,4]

These particles interact strongly with visible light through
the resonant excitation of the collective oscillations of their
conduction electrons.[3,4] As a result of these oscillations, local
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electromagnetic fields near the particle can be many orders of
magnitude higher than the incident fields; these strong,
oscillating fields generate intense scattered light around the
wavelength of the resonant peak. The magnitude, peak
wavelength, and spectral bandwidth of the plasmon resonance
of a nanoparticle depend on the size, shape, material of
fabrication, and local environment of the particle.[3–6] The
enhancement in local field and strong scattering is useful for a
number of applications, including surface-enhanced Raman
scattering,[7, 8] subwavelength optical waveguides,[9–16] biola-
bels,[17–19] and biosensors.[20–25]

Nanostructures with different geometries in a range of
materials have been synthesized by using chemical meth-
ods.[26–32] These nanostructures are usually not uniform in size
nor geometry. The integration of these nanostructures into
optical devices is also challenging because of the difficulty of
selecting and manipulating specific nanoparticles. Nanopar-
ticles fabricated by nanosphere lithography have been used
for chemosensing and biosensing.[21–24] This technique,
although very useful, can only produce nanostructures with
limited flexibility in dimensions and geometries. Electron-
beam lithography is widely used to fabricate metal nano-
structures for studying surface plasmon coupling and sub-
wavelength optical waveguides.[9, 13–16,33–35] However, electron-
beam lithography is still not conveniently available to general

users, and it is also challenging to fabricate wires with widths
below 30 nm and high aspect ratios. Exploration and develop-
ment of new techniques for the fabrication of nanostructures
relevant to plasmonics is desirable.[36,37] The technique
described herein is not intended to replace these existing
methods, but rather to provide a simple alternative for the
fabrication of relevant nanostructures with well-controlled
dimensions, and to aid the study of their optical properties.

Figure 1 shows the procedure used to fabricate free-
standing gold nanowires. This procedure combines photo-
lithography, vapor deposition, and microtome sectioning; we
have used a related procedure previously to fabricate nano-
electrodes.[1] We first generated a pattern with rectangular
lines (2-mm wide with 2-mm spacing in this case) on a silicon
substrate (with 2-nm-thick native oxide) by using standard
photolithography with a Shipley 1805 photoresist. We sub-
sequently deposited 10–40 nm of gold film by using electron-
beam evaporation on this patterned substrate. Removal of the
photoresist with acetone generated gold wires (10–40-nm
thick and 2-mm wide) on the silicon substrate. We then cast a
layer of epoxy (araldite 502) prepolymer on this substrate.
After curing the epoxy, we mechanically peeled it from the
substrate; the gold film transferred to the epoxy film because
of the weak adhesion between the gold and the silicon
substrate. We embedded this epoxy substrate into more of the
epoxy prepolymer; curing generated an epoxy slab containing
a layer of embedded, patterned metal film.

We sectioned the epoxy block in a plane that intersected
the wire perpendicularly by using a microtome (Leica MZ6)
equipped with a diamond knife (Diatome ultra 358) and with
water filling the sample-collection boat.[2] Sectioning with a
microtome generated polymer slabs with thickness ranging
from 30 to 100 nm; these slabs floated at the air–water
interface in the sample-collection boat. We transferred the
epoxy sections to a bare silicon substrate by immersing it in
the water, and withdrawing it in a way that the floating
polymer films were captured by means of capillarity. Before
optical characterization of the gold nanowires, we removed
the polymer matrix by using an oxygen plasma; this process
left the gold nanowires intact and supported on the silicon
substrate, usually in the orientation in which they were
embedded in the slab. The length (x) of the nanowires is
defined by the width of the initial wires relative to the plane of
the sections (2 mm for all the samples described herein, but
this length can be longer or much shorter). Figure 2 shows the
SEM image of gold nanowires with two different sizes. These
free-standing wires usually do not fall over even when they
have a large height-to-width ratio; we attribute this stability in
orientation to the interfacial interaction between the gold and
the silicon dioxide of the substrate.

Standard light microscopes equipped with dark-field
illumination have been used extensively to study the surface
plasmon behavior of nanostructures.[3,4, 17] Figure 3a outlines
the apparatus used to select individual nanowires and record
their scattering spectrum. We illuminated the nanowires with
unpolarized, focused, white light from a high-intensity fiber
light source (Fiber Illuminator OSL1). The incident beam of
light was perpendicular to the long axis of the nanowire at an
angle of about 608with respect to the normal of the silicon

Figure 1. Schematicillustration of the procedureused to fabricate
metal nanowireswith a controllablesize.The length of the metal
structure (x) is determinedby photolithography(ca.2 mm), and the
width of the structures(y) is determined by the thicknessof the
depositedmetal film (10, 20, or 40nm). Thethicknessof the sectioned
polymerslab (z) is controlledby the microtome (30, 50, 70, or
100nm).
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substrate. Scattered light from the nanowire was collected
selectively through a microscopic objective with a long
working distance (Mitutoyo SL50, numerical aperture
(NA)= 0.55). This dark-field illumination maximized the

scattering from the nanoparticles, and minimized the back-
ground scattering from the substrate. The collected light then
passed through a polarizer parallel to the short axis of the
nanowire (y direction) and focused on the plane of the
entrance slit of a single-grating monograph (Jobin Yvon
Horiba Triax 550); this apparatus allowed us both to take a
video image of the nanowires and to measure their spectrum.
The polarizer allowed us to select surface plasmon resonances
with polarization traverse to the long axis of the wire. An
individual nanowire, or a small group of nanowires, could be
selected for analysis by adjusting the width and height of the
slit. The spectra obtained depended on the spectrum of the
incident white light, the focusing and collecting optics, and the
response of the spectrometer. To remove these effects and
isolate the plasmon resonance spectrum of the nanowires, we
replaced the nanowire sample with a broad-band white-light
target (which has a constant scattering response over wide
range of frequencies) and obtained its scattering spectrum by
using the same procedure. We then normalized the obtained
spectrum of the nanowires to the reference spectrum of the
broad-band target.[17] Figure 3b shows the normalized scat-
tering spectra of four nanowires randomly selected from a
single sample. The variation in position of the resonance peak
among the nanowires is negligible. We also found the spectral
variation between nanowires from separate slabs of the same
thickness to be negligible. These observations established the
optical homogeneity of the nanowires generated by this
sectioning technique, and implied their constancy in size.

We fabricated nanowires with different cross-sectional
dimensions by changing the thicknesses of the metal film and
the sections. Figure 4a–c shows color, dark-field, optical
images of nanowires with different cross sections obtained
by using a standard optical microscopic with dark-field
illumination (Nikon 43300–522 with CCD camera). All
optical images were obtained under the same conditions
with polarization perpendicular to the long axis of the
nanowires. For each set of wires with the same width (y),
the color shows a red shift with increasing nanowire height
(z). Figure 4d–f shows the scattering spectra of the gold
nanowires shown in Figure 4a–c. We usually collected the
emission from four nanowires simultaneously to increase the
signal-to-noise ratio and to average the small spectral
variations betweens the wires. The peak maximum shifts to
longer wavelength with increase in the height of wires from
the same set with fixed width. This observation agrees well
with the optical color images.

To rationalize these spectra, we simulated them by using
finite-difference time-domain (FDTD) techniques.[38] The
frequency-dependent dielectric constant of gold was obtained
from the literature.[39] The configuration of the simulation was
the same as that in the experiment (Figure 3a) except that in
the simulation the wire was suspended in air rather than
supported on the Si/SiO2 substrate. For each simulation, the
plane of the incident excitation wave was at the same angle
(608). We calculated the scattering amplitude at individual
wavelengths and obtained the far-field scattered field. The
scattering spectrum was then calculated by integrating the
scattered field over angles set by the numerical aperture of
the collecting objective (NA= 0.55). Figure 5a–c shows the

Figure 2. SEMimagesof typical free-standing gold nanowiresviewed
on an angle.a) Gold nanowireswith dimensions (x, y, z) of approx-
imately2 mm! 40nm! 50 nm. b) Gold nanowireswith dimensionsof
approximately2 mm ! 10nm! 100nm. Theinsets showhigh-magnifica-
tion imagesof the samesamples.Theorientationsof (a) and (b) are
at a 458oblique angle.

Figure 3. a) Experimental setup used for measurement of optical
scatteringof gold nanowires. b) The scatteringspectraof four ran-
domly selectedindividual nanowires(2 mm! 20nm! 50 nm). The
spectraareverticallydisplaced to show reproducibility.
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results of these FDTD simulations. The simulations and the
experimental results showed the same trend in the red shift of
the maxima as the z/y ratio increased. Since the polarization
of the incident light was at 608with respect to the z axis in the
z–y plane, two modes of surface plasmons, polarized along the
z and y directions, were excited. The total scattering spectrum
arises from the plasmons excited by the z and y components of
the incident electric field. Analysis of data from the simu-
lations shows that the scattered field was almost the super-
position of fields generated by two dipoles oscillating along
the z and y directions. In our experimental configuration, the
light-collection efficiency for y-polarized emission is 8 times
larger than for z-polarized emission, and the contributions to
the recorded intensity are about equal when the z/y aspect
ratio is 1.5. For wires with aspect ratios larger than 1.5, the
spectra are dominated by the scattering generated by z-
polarized plasmons, especially near the resonance wave-
length. Figure 5d plots the dependence of the wavelength of
maximum plasmon scattering on the z/y aspect ratio (from
0.75 to 10) for the experimental measurements and the
simulation. Both the experimental data and the FDTD
simulation showed a similar red shift when the aspect ratio
of the nanowire cross section increased. The resonance peaks
of the experimental data were, however, consistently at longer
wavelengths than those of the simulations (Figure 5d). We
believe that this discrepancy reflects the fact that the
simulations assumed that the nanowires were suspended in
air rather than supported on silicon substrates with a thin
layer of native SiO2. Similar effects have been reported.[14,15]

The technique we describe herein offers a convenient way
to make free-standing gold nanostructures with uniform and
well-controlled size and shape. These structures are well-
suited for fundamental studies of the relationships between
the shape of nanostructures and their properties as plasmon
resonators. This technique can be used to fabricate nano-
structures that are impossible or very difficult to make with
other techniques. It can be used with most metals that can be
deposited from the vapor (we are still investigating the
behavior of brittle materials upon sectioning). A major
benefit of this technique is that the nanostructures can be
easily positioned by manipulating the macroscopic epoxy
slabs (the epoxy can be removed conveniently after position-
ing by oxygen plasma etching). The ability to tune the shape
and composition of the nanostructures, and the ability to
position the nanostructures, will, we believe, combine to
make this technique useful in the fabrication of prototype
optical devices such as subwavelength optical waveguides
and biosensors.
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Figure 4. Surfaceplasmonresonances of gold nanowireswith different
cross-sectional dimensions. aÐc)Dark-fieldoptical imagesof gold
nanowireshavingdifferent dimensions (all 2-mm long (x) ; dimensions
of the crosssectionmarkedin the figure as y ! z). Thenanowires
appearlargerthan their actualdimensions owing to optical diffraction.
dÐf) Scatteringspectraof gold nanowireswith different dimensions,
corresponding to the gold nanowiresshownin (aÐc).

Figure 5. FDTDsimulations and comparisonwith experimental results.aÐ
c) Finite-differencetime-domain simulations of scattering spectra.For eachset of
fixedwidths (10, 20, or 40nm), the resonance peakmovesto longer wavelength
as the height increases.Thedimensions of the crosssectionaremarkedin each
figure as y ! z. d) Dependenceof maximum wavelength of the scattering
resonances as a function of aspectratio z/ y for data from experiment and FDTD
simulation. The corresponding experimental and simulation data arepairedby
bracesfor clarity.
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