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Abstract

We report a new technique for fabricating metal nanoring array. In the process, a Cr nanodisk array was first formed by evaporating Cr
onto the bottom of a 200 nm period hole array having large undercut. The hole array was produced by NIL and RIE pattern transfer in a
polymer sandwiched between a thin SiO, and Si layer, which were stacked on a second polymer layer; and the undercut was formed by
excessive polymer RIE. The thin Si surrounding the Cr disk was subsequently etched through by SF¢ RIE, resulting in a ring-shaped hole
structure in Si. After removing SiO, and the first polymer layer and etching through the second polymer layer, a metal ring array was cre-
ated by standard evaporation and liftoff. As examples, we fabricated Cr nanoring array with height 15 nm, inner diameter 70-120 nm and
ring-width down to 22 nm. We have found that, for a fixed hole diameter, the ring-diameter is strongly dependent on the hole depth. The
ring symmetry and the wafer edge effect are discussed. The process can certainly be extended to metals other than Cr. Compared to previous
methods, the current one is simpler, less costly and more suitable for narrow ring fabrication, though it suffers from reduced ring symmetry.

However, asymmetric (nonconcentric) nanoring could be desirable for magnetic data storage and plasmonic devices.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nanorings have unique magnetic and optical properties
and thus have many potential applications. For example,
when the ring-width is smaller than the domain wall thick-
ness (order 50 nm in Co), a magnetic nanoring will have a
stable flux-closure vortex state with a more reproducible
switching than a nanodisk, which is essential for high-den-
sity magnetic recording and magnetic random access mem-
ory [1,2]. Metallic nanorings also offer tunable optical
resonance at longer wavelength than a nanodisk [3] and
higher optical transmission efficiency [4].

Various fabrication techniques have been demonstrated
for the fabrication of ring-shaped nanostructures. For a
single ring as well as a ring array over small area, focused
ion beam (FIB) milling or electron beam lithography is
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preferred due to its high resolution and versatility [5].
The fabrication of nanoring array over large area has been
previously demonstrated by nano-sphere (colloidal) lithog-
raphy [6,7], which is a simple and efficient method but the
ring diameter is limited to several hundred nanometers and
it lacks long-range ordering that is essential for certain
applications (data storage, photonic devices). Another
low-cost technique capable of producing sub-100 nm rings
over large area is based on templating with porous anodic
aluminum oxide (AAO) membranes [8]; yet it lacks long-
range ordering and the AAO membrane that supports
the ring is fragile. Ring pattern can also be created from
a circular structure by the so-called lateral pattern defini-
tion or edge-defined technique [9-12], where the ring was
defined on the sidewall of a circular pillar or hole pattern.
Closely resembling the traditional edge defined technique,
nanoring was fabricated recently by capillary force lithog-
raphy [13,14], templated electrochemical deposition [15],
and nanoskiving [16].
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Here we report an alternative approach for the fabrica-
tion of ordered array of nanorings over large area. It also
resembles the traditional edge-defined technique, but rather
than depositing a material on the sidewall of the supporting
structure, the ring structure is formed around a metal
nanodisk by lateral etching during Si RIE with the ‘zero-
order’ etching blocked by the metal disk. The approach
includes only NIL, physical vapor deposition (PVD), and
dry and wet etch, all of which are low-cost processes. It
is suitable for narrow (~20 nm) ring fabrication, as well
as for asymmetric ring or nano-crescent structures.

2. Experimental

The process can be divided into two parts: the creation
of Cr nanodisk on the bottom of a hole array; and the for-
mation of nanoring surrounding the nanodisk. The NIL
mould consists of a 200 nm period and 60 nm diameter pil-
lar array fabricated by two orthogonal NIL steps using a
large area grating mould. The substrate for NIL consists
of five layers: (1) a 160 nm crossed-linked polymer ARC
(anti-reflection coating, Brewer Science XHRiC-16) on Si;
(2) 6 nm evaporated Si; (3) a second ARC layer with thick-
ness 50-320 nm; (4) 15nm evaporated SiO,; and (5)
200 nm PMMA as NIL resist.
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Fig. 1. Schematic representation of the process for metal nanoring
fabrication: (a) NIL into PMMA using a pillar array mold; (b) RIE
pattern transfer into SiO, and then into ARC with over-etch; (c)
evaporation of Cr; (d) RIE of the thin Si layer; (e) removal of Cr, SiO,,
ARC, and RIE of ARC; (f) metal evaporation and liftoff.

As shown in Fig. 1, a 60 nm diameter hole array in ARC
was first patterned by NIL and RIE pattern transfer. A
large undercut was then created by etching ARC with
100 W and 100 mTorr O; for 5 min at 150 nm/min, which
removed ARC on the bottom Si over area having a diam-
eter about 140 nm. Next, 10 nm Cr was evaporated at nor-
mal incidence angle, forming a nanodisk array on the
bottom of the hole array. In a subsequent step, Si RIE
was carried out using an Oxford Instruments Plasmalab
80Plus etcher with graphite plate, 20 sccm SF¢ gas,
20 mTorr (default) pressure and 100 W power, which
resulted in an etching rate of 200 nm/min and 77 nm/min
for Si and ARC, respectively. Due to lateral etch, the thin
Si surrounding the Cr nanodisk was etched through. The
Cr, SiO, and the top ARC layer were subsequently
removed by commercial Cr etchant Cr—4S, diluted HF that
etched negligible Si, and O, RIE, respectively. In a follow-
ing step, the ring-shaped hole pattern in Si was transferred
into the underneath ARC by O, RIE, again with over-etch
to facilitate the following liftoff. Finally, a metal film was
deposited and lifted off by ARC, resulting in a nanoring
array on the Si substrate.

3. Results and discussion

We found that the 6 nm Si around the Cr disk lying on
the bottom of the holes was etched through only after
approximately 40 s RIE, which would etch 133 nm flat Si
at 200 nm/min. Anisotropic etching of Si using CF,4/O,
gas has also been tested, but due to sidewall passivation
by fluorocarbon polymer, the 6 nm Si was not etched
through even after equivalent 300 nm etching of flat Si.

After liftoff 15nm Cr, the completed nanoring array
with three different sizes is shown in Fig. 2. The different
ring widths and diameters were achieved by varying the
Si etching time and the ARC spacer height, respectively.
It was found that the ring inner diameter strongly
depended on the hole depth (equal to ARC height). As
can be imagined, for thin ARC (<100 nm), the ring inner
diameter is close to the hole diameter of 60 nm. But for
thick ARC (>200 nm), the ring inner diameter is consider-
ably larger than the hole diameter because the etching pro-
file in Si is a triangle and its dip may lie far away from the
edge of the Cr disk. In the experiment, the hole diameter
was fixed at 60 nm. Certainly, the ring diameter could also
be tailored by varying the hole diameter.

The etching rate and profile also depend on the gas pres-
sure (fixed at 20 mTorr till now). As shown in Table 1,
higher SF¢ pressure leads to higher etching rate and lower
bias voltage, which suggests more isotropic and lateral
etch. To study the effect of gas pressure on the etching pro-
file in Si, we fabricated Cr disks directly lying on bulk Si by
the same process as above but on a substrate without the
evaporated Si and bottom ARC layer. We then conducted
RIE of Si with pressure ranging from 10 to 100 mTorr. A
typical etching profile in bulk Si is shown in Fig. 3. It
was found that, for a fixed etching depth of flat Si that
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Fig. 2. 200 nm Period Cr nanoring array with inner diameter/width of 70/45 mm (left), 95/30 nm (middle) and 120/22 nm (right), achieved by varying the
Si etching time/ARC spacer height at 80 s/100 nm, 80 s/260 nm, and 60 s/320 nm, respectively. (Some sections of the rings are missing for the 22 nm-wide

ring due to liftoff.).

Table 1

Si etching rate and bias voltage for different gas pressure

Pressure (mTorr) 10 20 50 100
Rate (nm/min) 150 200 293 467
Bias (V) 330 268 108 28

SF¢ 20 sccm, 100 W, graphite plate.

Fig. 3. Etching profile in Si around Cr disks having lied on the bottom of
160 nm deep holes, here RIE with 20 mTorr SFg for 80 s at 200 nm/min.
The insert shows the schematic profile.

was 267 nm in the experiment, higher pressure led to a
wider but shallower triangular profile. Therefore, high
pressure would be preferable for wide nanoring fabrication
or if the Si film is very thin (say, <5 nm), and vice versa.
Asymmetric nanorings with one side wider than the
other (Fig. 4a), or even nano-crescents with one side miss-
ing (Fig. 4b) can be fabricated by putting the wafer away
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from the RIE chamber center. The asymmetry may result
from the non-vertical gas flow direction that depends on
RIE tool design, gas flow rate and pressure. One simple
and efficient way to improve the symmetry is to divide
the etching into two steps of equal time with wafer rotation
180° in between. On the other hand, asymmetric nanoring
could be desirable for magnetic data storage since it has
more controllable magnetic switching than a symmetric
one [7], and for plasmonic device since it offers an addi-
tional degree to tune the plasmon resonance [17]. As
reported earlier [18], metallic nano-crescent could find
application in the field of biosensor based on surface
enhanced Raman scattering (SERS).

The other major source of asymmetry of the nanorings
is the Si wafer edge. In the plasma environment, the wafer
is negatively charged and the electric field at the edge is not
vertical, leading to slanting incidence of reactive species.
This results in very asymmetric nanorings or nano-cres-
cents with its wider side pointing away from the edge.
The characteristic length scale within which the edge effect
is drastically decreased for a 0.5 mm-thick wafer was
~1 mm. When symmetric rings are desired, the edge effect
can be practically eliminated by placing a dummy wafer
next to the real wafer.

Asymmetric nanorings or nano-crescents could also be
achieved by carrying out the Cr deposition step (Fig. 1c)
at an angle other than normal so that the Cr disk lies off
the center of the hole bottom.

4. Summary
In this work we developed an approach for the fabrica-

tion of a regular metal nanoring array with inner diameter
70-120 nm and ring-width down to 22 nm. Compared to
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Fig. 4. 200 nm Period array of asymmetric nanoring (a) and nano-crescent (b) in 15 nm Cr.
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previous methods, the current one is simpler and less costly
as it includes only NIL, PVD, RIE and wet etch.

The method could potentially fabricate nanorings of vir-
tually any material that can be deposited by a method suit-
able for liftoff, such as evaporation, pulsed laser
deposition, or sputtering if the film is thin enough for
liftoft.

The area uniformity of the array is limited by the
reduced ring symmetry and one approach was proposed
to improve the ring symmetry. On the other hand, for
many applications asymmetric nanorings or nano-crescents
are preferable, which can be readily achieved by the current
method.

Like other edge-defined technique, the current one can
be extended to other types of structure such as a grating,
which would result in a grating with doubled spatial fre-
quency [19,20].
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