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ABSTRACT

This communication describes the fabrication of gold structures (for example, rings) with wall thickness of 40 nm, and with high aspect ratios
up to 25. This technique combines thin-film deposition of metal on a topographically patterned epoxy substrate, with nanometer-scale sectioning
using a microtome in a plane parallel to the patterned substrate. The dimensions of the metal structures are determined by the thickness of
the metal film and the thickness of the epoxy sections. The shape of the resulting nanostructure is defined by the cross section of the original
template.

This paper describes the fabrication of gold nanostructuresmetal-film deposition and microtome sectioning using an
with high aspect ratios using a combination of thin-film ultramicrotome with a diamond knife?® Here we used a
deposition and a technique developed recently based onsimilar technique but with a different topography to fabricate
sectioning with a microtome (which we call “nanoskiving”).  high-aspect-ratio gold nanostructures of types that would be
The dimensions of the resulting nanostructures are controlleddifficult or impossible to obtain by conventional lithographic
by the thickness of the metal film and the thickness of the techniques.
epoxy sections. The Shape of the nanostructure is defined Figure 1 shows the procedure used to fabricate 3D, free-
by the geometry of the template. standing metal nanostructures by thin-film deposition and
High-aspect-ratio microstructures have been used as thenanoskiving. First, we used standard soft-lithographic tech-
building blocks in a number of areas, such as microelectro- niques to fabricate a PDMS replica of an array of microposts
mechanical systems (MEMSJ,two-dimensional subwave-  patterned in S1813 photoresié!We then transferred these
length photonic band gap (PBG) device$,and sensors.  microposts onto epoxy (Araldite 502) by curing a layer of
Devices for high frequencies based on diffraction (e.g., epoxy prepolymer against this PDMS stamp (step 1), using
Fresnel zone plates and diffraction gratings) and refraction 5 gold-coated Si/SiQwafer as substrate. (The gold layer on
(e.g., wave plates and retarders) require both nanoscalgne supstrate facilitated the separation of the molded epoxy
dimensions and high aspect ratios for optimal opera’ti_on. from it.) After peeling off the PDMS, we sputteree40 nm
A number of techniques have been developed to fabricateyold directly on the epoxy substrate (step 2). Noncollimated
high-aspect-ratio micro- and nanoscale structures; thesemetal deposition ensured the formation of thin films on all
include X-ray LIGA deep reactive-ion etching (DRIE),  gyrfaces of the epoxy substrate, including the sidewalls. We
focused ion-beam etchirlgy,**and glancing-angle deposition  then embedded the gold-coated epoxy substrate in the same
(GLAD).**** These techniques are, however, not conve- gnoxy prepolymer (step 3). To facilitate mounting the sample
niently available to general users. Simple and inexpensive , the sample holder of the microtome, this epoxy layer was
techniques to fabricate nanostructures with high aspect raﬂosﬂ'ntentionally made~1-cm-thick. After curing, we peeled the

are highly desirablé? _  block of epoxy, together with the gold sacrificial layer, from
The microtome has been used extensively for preparationine silicon substrate (step 4).

of thin samples for imaging with optical or electron
microscopy:”18 A microtome can generate polymer sections
as thick as~10 um with a rotary microtome system, and as

thin as 10 nm when equipped with an oscillating diamond i . .
knife.** We have demonstrated previously the fabrication of sample-collecting boat (steps 5 and 6). Thg edge of the knife
and the plane of the sample must be aligned carefully to

conductive nanoelectrodes and nanowires based on thin- . . . T .
obtain uniform slices over a large area; this alignment is

* Corresponding author. Tel: (617) 495-9430. Fax: (617)-49857. difficult, and the most tlme-consfummg part of the_procedure.
E-mail: gwhitesides@gmwgroup.harvard.edu. It takes about 2 s to slice a single structure with a cross-

To section the epoxy block in a plane parallel to the
patterned surface, we used a microtome mounted with a
diamond knife (Diatome, £%nife angle), with water in the
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Figure 1. Schematic illustration of the procedure used to fabricate
gold nanostructures with a controllable size by a combination of — —
thin-metal-film deposition and microtome sectioning in a direction 2 pm i

parallel to the patterned epoxy surface.

Figure 2. SEM images showing patterned free-standing gold
nanostructures on a silicon substrate after removing the epoxy with
sectional area of 500« 500 um? sectioning can, thus, oxygen plasma at 0.9 Torr, 70 W for 20 min. The wall thickness

generate a large number of nanoslabs rapidly, once theand the height of the ring are about 40 and 500 nm, respectively.
alignment is accomplished. Each epoxy section contains the(®) Ring; (B) square; (C) double ring. (In each set the left image

. shows large arrays of gold nanostructures with different shapes;
embedded gold nanostructures; these nanostructures havg,, top-right image shows the top view of the free-standing

their dimensions defined by (i) the dimensions of the PDMS nanostructures; and the bottom-right image shows the top view of
stamp, (ii) the thickness of the deposited layer of gold, and the nanostructure lying on the silicon substrate on its side to indicate
(iii) the thickness of the slab cut by the microtome. the height of the wall.)

We transferred these thin epoxy sections onto a silicon
substrate by submerging the substrate in the water in the
trough and pulling it back carefully in a way that allowed
the floating polymer film come to rest on the Si/SiO
substrate (step 7). We then removed the polymer matrix
(epoxy) by etching with an oxygen plasma,; this process left
the gold nanostructures intact on the silicon substrate. (See
Supporting Information Figure 1.)

The SEM images in Figure 2 show nanostructures with
different geometries fabricated by this procedure. These
structures have walls-40-nm-thick and 500-nm-high. The
shape of the nanostructures showed some deformation
relative to that of the original template (e.g., in Figure 2B
the nanostructures are approximately parallelograms, while
the shape of the template was square). We attribute this
distortion to the compression that the knife exerts on the
sample during sectionintf.An oscillating diamond knife  Figure 3. SEM images of nanorings with different aspect ratios.
would minimize the compression of the knifeA useful The thickness of the wall is-40 nm for all the nanorings; their
attribute of nanoskiving as a fabrication technique is that it neights are: (A) 70 nm, (B) 200 nm, (C) 500 nm, and (Dyrh.
can easily generate epoxy sections with thicknesses rangin%?fh'énggﬁstmif taken at angles that show the differences in height
from 30 nm to 1Qum;? this flexibility makes it possible to '
tune the aspect ratio of the nanostructures by changing theheights. To illustrate the height of the structures, we
thickness of the section. Figure 3 shows ring-shaped nano-intentionally picked for imaging nanorings that happened to
structures having the same wall thickness but different have flipped onto their side. We attribute the defects on the
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