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Plasma Etching Transfer of a Nanoporous Pattern on a Generic
Substrate
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J. Yun,b V. Kuryatkov, b and K. Zhub
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We describe a nonlithographic nanofabrication method for creating a nanoporous pattern on any substrate. The approach utilizes
plasma etching through a nanoporous template to transfer the pore pattern onto the substrate. We demonstrate this method to
transfer a porous alumina pattern consisting of a hexagonal array of 50 nm diam pores onto an aluminum layer. A nanoporous
alumina template~0.6 mm! is initially created by electrochemical anodization of an aluminum film~1 mm! deposited on a
substrate. Controlled plasma etching is then used to etch through the pores onto the aluminum layer below the pores. In this
manner, we demonstrate the hexagonal array of 50 nm diam pores in the aluminum film.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1759973# All rights reserved.
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Nanoporous alumina is highly effective in the fabrication of
rays of nanometer-scale structures.1-3An aluminum oxide membran
is produced consisting of cylindrical arrays of nanosized pores
diameters ranging from;10-200 nm. When prepared under spe
conditions, the pores can exhibit a very high level of orderin4,5

These two factors, small feature size and high level of orde
make nanoporous alumina an attractive template for patterni
nanofabrication. This approach has already been used to p
self-assembled nanoarrays of various materials by direct
trodeposition of the material into the pores.6,7 This has allowed bot
detailed investigation of the structure of the nanoarrays and
study of fundamental phenomena at the nanometer scale. How
application of electrodeposited nanostructures in devices is lim
mostly due to poor sample quality of electrodeposited nanos
tures. Another problem is that the membrane is commonly grow
commercially available aluminum foil, which limits the range
applicability in devices.

Ideally, one would like to transfer or grow the membrane
commercially viable substrates or epitaxial layers, such as Si
develop processing methods to offer various device fabrication
sibilities. Several attempts have been made in this regard. Mo
these attempts have involved physical transferring of the nanop
alumina template onto a substrate~the ‘‘mask’’ method!. The nan
oporous alumina template then acts as a mask through which a
priate materials can be grown inside the pores.8-10 Although the
mask method is useful for fabrication of a self-assembled nano
the area over which these nanoarrays can be grown is very
only of the order of a few millimeters. This is because the m
method involves thinning of the alumina template to a thicknes
the order of 0.2-0.5mm. Aluminum oxide, being brittle, breaks
into small pieces, of the order of a few millimeters at such a s
thickness. Hence, instead of transferring the membrane, one
like to ‘‘grow’’ the membrane directly on a substrate. In this pa
we present an approach that allows us to grow porous alumina
branes directly on a substrate. The method also allows us to tra
the nanopore pattern onto the substrate, which in turn increas
versatility of the method.

The technique combines an anodization process to produce
plate arrays and plasma etching to reveal an intermediate la
seed/adhesion layer, or the substrate. By anodizing an alum
film, a thin nanopore array is first created on a substrate. A m
problem for applications based on this method is posed by the
ing of the thin barrier layer of alumina at the pore bottoms to pa
layers directly below. Wet chemical etching methods, such as th
of dilute phosphoric acid, although attempted in the past by o
research groups,11,12 are not particularly useful. In addition to r
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moving the barrier layer, the wet etching also causes pore wide
thus increasing the pore diameter and in some cases comp
removing the alumina film. The directional and anisotropic attrib
of plasma etching are essential for this approach, because th
plate pores are small with very high aspect ratios. The etching
ditions require critical control to avoid complete etching of
membrane. In this paper, we describe chlorine plasma etchin
periments for producing pores that are tens of nanometers in
and appear in an ordered hexagonal array.

Silicon wafers were used as the starting substrate materi
demonstrating the technique. In principle, the approach can b
tended to other substrates, and we have conducted prelimina
periments on epitaxial GaN.13 Substrates are prepared using
acetone/ethanol deionized water clean, then loaded into an E
evaporator with base pressure;1027 mTorr. A 5 nm thick adhesio
layer of Ti ~99.98% purity starting material! is deposited on the
substrates by E-beam evaporation followed by a 1mm thick layer of
Al ~99.999% purity! without breaking vacuum. Without the Ti lay
the subsequently grown membrane peels from the substrate
aluminum film is then anodized in an acid under dc conditi
During anodization, aluminum is converted to nanoporous al
num oxide. More details of the template process can be f

Figure 1. AFM image of as-deposited template.
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elsewhere.1 The pore diameter is controlled by the anodization c
ditions. Anodization in 3% oxalic acid at 40 V gives a membr
with pore diam 50 nm, as addressed here. Figure 1 shows a
sentative atomic force microscope~AFM! image demonstrating th
regularity in pore diameter and the obtained hexagonal array.

A scanning electron microscope~SEM! cross-sectional image
the as-deposited template is shown in Fig. 2a. Clearly seen are
adhesion layer, the Al layer that remains following anodization,
the alumina layer produced by the anodization process. The
ence of a thin barrier layer of alumina~U-shaped barrier! is also
seen at the pore bottoms. The thickness of the barrier layer is o
the order of 10-20 nm. The depth of the pores in the membra
directly proportional to the anodization time. Here the anodiza
was carried out for 2-3 min, producing a porous alumina tem
;0.6 mm thick atop the 1.0mm aluminum layer, indicating an e
pansion in volume.14 A magnified view is seen in Fig. 2b showing
SEM image focusing on the barrier layer in the as-fabricated po
alumina.

Plasma etching was carried out using a commercial induct
coupled plasma~ICP! system with reactive ion etching~RIE!. Cl2
diluted with Ar was used as etchant. The basic etching condi
are given in Table I. The low chamber pressure produces cond
of high mean-free path and high Knudsen number. These cond
are conducive to highly directional and anisotropic etching of
high aspect ratio~;30:1! features. Samples were attached to qu
wafers and loaded into the plasma reactor, where they were h
the chuck by helium flow. The wafer temperature was not
trolled; we estimate it to remain below 100°C during the etch
cess. The RIE power was varied from 100 to 300 W. We expec
RIE power to be a critical parameter, because RIE has the com
effect of redirecting etchant adhered to the top surface into the
and of increasing the volatility of etch by-products. Under th
processing conditions, we find Al to etch at;2 mm/min. The alu
mina barrier etches in 30-40 s, for an approximate etch rate
nm/min. Under identical conditions, sapphire is completely etc
sistant in 60 s. Although the addition of BCl3 etches sapphire,15 this
approach is undesirable here because the alumina template
etch more effectively, possibly eliminating the template. Base
the selectivity of chlorine etching to Al over alumina, the cor
etching conditions are expected to redirect etchant into the nan

Figure 2. ~a! SEM cross-sectional image of as-deposited template.~b! Magn
W RIE power.

Table I. Basic etching conditions.

Plasma parameter Value

ICP power 300 W
RIE power 100-300 W
Chamber pressure 8 mTorr
Cl /Ar flow rates 20/5 sccm
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template, break through the barrier layers of alumina, and ra
etch the aluminum, leaving the alumina template largely intact.
thermore, charging of the insulating alumina results in an ap
ciable field at the pore opening, because ions are expected
readily captured near the surface due to the small pore sizes.16 The
resultant field assists channeling of ions into the high aspect
features.

The etch process is highly sensitive to the etch time becau
the relative etch rates of Al and alumina. For example, etchin
30 s at 200 W RIE power is not sufficient to break through
alumina barrier layer, although there is a reduction in total thick
of the porous alumina layer at the top~0.3 mm!. However, a 60
etch at the same 200 W RIE power is sufficient to break throug
barrier layer. Figure 2c shows SEM cross-sectional images o
sample following a 60 s etch with 200 W RIE power. The pore
the top nanoporous alumina layer can be clearly seen, and th
mina layer at the top is further reduced to be about 0.2mm thick. In
addition, the etch has penetrated through the barrier region an
tinued down through the Al to the Ti adhesion layer. Several o
Al nanotubes produced by the process have snapped from cle
showing the hexagonal shape of the parent hole template. This

Figure 3. AFM image of top view of the aluminum template post remo
of the porous alumina layer (pore diam; 50-60 nm).

iew of the same.~c! SEM cross-sectional image following 60 s etch with
ified v
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shows that these conditions produce the highly directional an
isotropic etching necessary to reach the adhesion/substrate le
extremely small features.

The etch result was also sensitive to the RIE power. For exa
a 60 s etch at a reduced 100 W RIE power is not sufficient to b
through the barrier layer. Evidently, the roles of RIE to redi
etchant deep into the nanopores and to assist desorption o
products is essential. In contrast, at a higher RIE power of 30
we observed;200 nm removal of the alumina surface and sig
cantly degraded morphology. Under these conditions, a 60 s etc
not break through the barrier layer. We suggest from this tha
alumina template is physically etched~i.e., sputtered! at this RIE
power. The associated surface damage sufficiently restricts the
fer of etchant into the nanopores, thereby eliminating the ba
etch.

Following breakthrough of the barrier layer, the etch time
tates the depth of the aluminum pores, whether or not the Ti lay
etched, and the extent of etching into the substrate. Thus, the
can be used to reveal several possible array structures with
regularity for subsequent process steps. Alumina surviving the
ing process can be stripped away to reveal the Al template by
erential wet etching. Figure 3 shows an AFM image of the top v
of the aluminum template post removal of the porous alumina
by soaking in a mixed solution consisting of 0.2 M chromic/0.4
phosphoric acid. The pore diam is of the order of 50-60 nm, sim
to that of the initial alumina film. We demonstrate from this that
alumina pore pattern is directly transferred to the aluminum wit
significant degradation.

Conclusion

We have developed an approach for producing nanometer
pore patterns of aluminum on silicon substrates. Pore sizes as
as 50 nm were plasma etched with aspect ratios of;30. The etch
process requires critical control over the etch time due to diffe

rates of Al and alumina etch. We observed a strong dependence o
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the etch on the RIE power. The process is highly versatile an
pears to be restricted only by the need to produce the patte
template from Al and alumina.
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