Nanolithography with metastable neon atoms: Enhanced rate
of contamination resist formation for nanostructure fabrication
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We report a sevenfold improvement in the rate of contamination resist formation over previous
experiments by using metastable neon atoms for nanolithography. Chemically assisted ion beam
etching was used to transfer the resist pattern into the substrate. We demonstrate the fabrication of
50-nm-wide features in GaAs with well-defined edges and an aspect ratio .2:1. These are the best
resolution and highest aspect ratio features that have been achieved with metastable atom
lithography. The resist formation rate by the metastable neon atoms and the etch selectivity of the
contamination resist with GaAs were measured. © 1997 American Institute of Physics.
@S0003-6951~97!00936-4#

There has been increased interest recently in using neutral atomic beams as the lithographic source for the fabrication of nanostructures. Atoms have small de Broglie wavelengths, typically of the order 10 pm for thermal atomic
beams, thus diffraction effects are negligible and resolution
of a few nanometers is potentially possible. Atom beams
have large cross sections, thereby allowing large areas to be
patterned simultaneously. The key difference and potential
advantage of atom lithography over e-beam or x-ray lithography are that atoms have internal energy levels which provide a mechanism for manipulation with laser light.1 The
wavelength of the manipulating laser maintains excellent
long range spatial-phase coherence that is difficult to achieve
with e-beam lithography. One important area in atom lithography is to investigate the use of atoms to expose or to deposit resist materials that have high resolution and that can
withstand etching.2–5 In this regard metastable rare gas atoms are particularly attractive as the source for
lithography.4,5 The atoms are inert and do not bind to the
substrates. The internal energy of the atoms is delivered directly to the resist, and the atoms may be easily manipulated
by lasers for future applications. For these techniques to become practical, it is important to have a short resist exposure
time and to quantify the resist formation rate and etching
performance. Thus far quantitative results are lacking.
In this work we report the use of metastable neon (Ne* )
atoms to deposit contamination resist on a GaAs substrate
and subsequent anisotropic etching of the resist and GaAs by
chemically assisted ion beam etching ~CAIBE!. The resist
formation rate is almost an order of magnitude increase over
previous results.4 Our technique offers excellent control over
both the resist formation and the etching process, provides a
high degree of selectivity, and allows the characteristics of
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the lithographic process to be quantified. We demonstrate the
fabrication of sharply defined 50-nm-diam pillars with an
aspect ratio greater than 2:1 in GaAs. These are the best
resolution and highest aspect ratio that have been achieved
with metastable atom nanolithography. We also present measurements on the etch rates of GaAs and the resist, and the
etch selectivity as a function of the ion beam voltage.
In a diffusion pumped vacuum system, background
pump oil vapor molecules tend to adsorb on the inner surfaces of the system. A layer of carbon atoms is formed when
a surface is impinged by a beam of Ne* atoms. Previously,
electron beams6 and metastable argon (Ar* ) atoms4 have
been shown also to deposit this contamination resist. In the
case of Ne* , the physical mechanism responsible for resist
formation is well defined. The large metastable energy of
Ne* , 16.6 eV per atom, ensures that the dominant deexcitation process of Ne* in collisions with the surface is
through Penning ionization of the adsorbed hydrocarbon
molecules.7 Recombination of the molecular ions with electrons follows rapidly on the surface, resulting in the dissociation of the molecules.8 The volatile fragments are pumped
away, leaving carbon atoms on the surface. The Penning ionization by Ne* is only weakly dependent on the adsorbate
and the underlying substrate. In contrast, Ar* has low metastable energy (;12 eV) and its de-excitation mechanism efficiency is strongly dependent on the exact nature of the adsorbate since typical ionization energy for hydrocarbons is
10–15 eV. Large uncertainties also exist for the determination of the metastable Ar* beam flux;7 thus reliable quantitative results for Ar* nanolithography are difficult to attain.
Our experiment allows us to reliably control the resist formation by the use of Ne* .
The experimental arrangement for the deposition of contamination resist is shown in Fig. 1. A beam of neon atoms
was produced by a supersonic nozzle source.9 The atoms
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FIG. 1. Schematic setup of the neon metastable beam apparatus for the
deposition of contamination resist.

FIG. 2. The etch rates of GaAs and of the contamination resist ~CR! as a
function of Ar ion beam voltage.

were excited to the metastable 3s @ 3/2# °J52 and 3s 8 @ 1/2# °J50
levels by a dc discharge operating between a sharp needle
and a cone-shaped skimmer electrode. The atoms passed
through the 1-mm-diam skimmer hole and entered a deposition chamber. The average velocity of the atoms was
1000 m/s610%. The electrons and ions contained in the
beam were steered away by a set of deflection plates. The
flux of Ne* atoms was measured with a metastable detector,
which was located 50 cm downstream from the skimmer.
The Ne* flux was ;4.631011 atoms cm22 s21. The vacuum
system was pumped with diffusion pumps10 that were cold
trapped with liquid nitrogen. The background pressure in the
deposition chamber was 131027 Torr with the neon beam
off, and 231026 Torr when the beam was on.
The substrates were mounted on a micrometer stage 40
cm downstream from the skimmer, and could be translated to
intercept the metastable beam. The ^100& p-doped GaAs wafers were exposed to the Ne* beam patterned by physical
masks mounted on the substrate surface. Two different types
of masks were used. E-beam fabricated masks,11 which consisted of a 50-nm-thick, 100 mm3100 mm Si3N4 membrane
with nanoscale perforations supported on Si, were used to
pattern nanometer scale features on the substrates. These will
be referred to as nanomasks in this letter. Transmission electron microscopy ~TEM! grids with mm-scale openings were
used in studies pertaining to deposition and etching rates.
The metastable beam diameter was approximately 3 cm in
this region, allowing simultaneous exposure of several
samples. Exposure times ranged from 2 to 36 h. The thickness of the contamination resist was measured with an
atomic force microscope ~AFM!. The resist height for a 24 h
exposure through the TEM grids was found to be 40
63 nm. For comparison, the previous experiment4 with Ar*
had a resist height of 662 nm. Thus the use of Ne* increased the resist depth by a factor of 7.
The patterns of the contamination resist were transferred
to the GaAs substrates using CAIBE.12 CAIBE was performed using chlorine as the reactive gas together with an Ar
ion beam produced from an Ion Tech model 3-1500-150 ion
source. Typical etching conditions were as follows: 200–350
V Ar ion beam voltages, 0.25 mA/cm2 ion beam current density, 5 sccm Cl2 flow, and 2 mTorr pressure in the etching
chamber.
We investigated the dependence of the etch rates of
GaAs and the contamination resist on the ion beam voltage

~Fig. 2!. For these studies, clean GaAs substrates were exposed to the Ne* beam through TEM grids for 24 h. Auger
electron analysis showed that greater than 98% of the resist
was composed of carbon. The contamination layer performed well as a resist, as shown by the results of Fig. 2. The
selectivity, defined as the ratio of the etch rates for GaAs and
the contamination resist, varied from 7.3 at 300 V to 11 at
200 V. We also measured the etching rate of GaAs and the
contamination resist when no chlorine gas was present. The
sputtering rate at 200 V and 0.25 mA/cm2 argon ions was
found to be 12 nm/min for GaAs and 2.5 nm/min for the
resist. Thus CAIBE improves the selectivity while increasing
the etching rate for GaAs and the contamination resist.
Figure 3 shows the structures etched into ^100& p-doped
GaAs. The exposure time to the Ne* beam was 15 h for Figs.
3~a!–3~c! and 36 h for Figs. 3~d! and 3~e!. The samples were
etched for 2 and 6 min, respectively, at an ion beam voltage
of 200 V. The nanomask consisted of arrays of 500-nm-sq
holes and 50-nm-round holes. This pattern was transferred to
GaAs @Fig. 3~a!#. Figure 3~b! shows the 50-nm-round features formed in GaAs. They have well-defined edges, indicating that even smaller features may be fabricated with this
technique. Figure 3~c! is a 60° scanning electron microscopy
~SEM! image of the features. The pillars are ;130 nm tall,
giving an aspect ratio of better than 2:1. This is the highest
aspect ratio nanostructures created using neutral atom lithography. Figures 3~d! and 3~e! show the 500 nm squares. The
feature height is ;500 nm. The 50-nm-diam pillars, however, did not survive the 6 min etch due to undercutting in
the sidewalls. The undercutting is most likely due to the
divergence of our ion beam. This may be improved by optimizing the ion beam focusing conditions and by increasing
the source to substrate distance.13 With modifications in our
present CAIBE setup, it is not unreasonable to expect that an
aspect ratio of greater than 5:1 is possible for the 50 nm
pillars.
In summary, using metastable neon atoms to deposit
contamination resist and the standard CAIBE technique, we
achieved significant improvements in the resist formation
rate, etch anisotropy, etch rates, and selectivity for fabricating nanoscale structures in GaAs. The resolution obtained in
this Ne* experiment is already quite comparable to that of
e-beam lithography. The ability to manipulate atoms with
laser light provides additional possibilities.1,14 In addition,
enhancement in the metastable beam flux by more than a
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FIG. 3. SEM images of the nanostructures fabricated in GaAs. ~a! The
structures contain 500-nm-sq posts and 50-nm-round posts. ~b! A magnified
view of the 50 nm pillars. The SEM view angle is 0°. ~c! Same as ~b! but
viewed at 60°. ~d!, ~e! The 500 nm squares viewed at 60° and at 90°,
respectively. For ~a!–~c!, the neon exposure time was 15 h, and the CAIBE
etch time was 2 min. For ~d! and ~e!, the exposure time was 36 h, and the
etch time was 6 min.

factor of 10 may be obtained with laser cooling.15 With these
improvements, the atom lithographic technique demonstrated
in this work may become attractive for practical applications.
The authors wish to thank R. S. Robinson, G. W.
Whitesides, F. B. Dunning, and C. Howard for helpful discussions, and B. Parkinson for use of the AFM. They ac-
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