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Lithography can be performed with beams of neutral atoms in metastable excited states
to pattern self-assembled monolayers (SAMs) of alkanethiolates on gold. An estimated
exposure of a SAM of dodecanethiolate (DDT) to 15 to 20 metastable argon atoms per
DDT molecule damaged the SAM sufficiently to allow penetration of an aqueous solution
of ferricyanide to the surface of the gold. This solution etched the gold and transformed
the patterns in the SAMs into structures of gold; these structures had edge resolution of
less than 100 nanometers. Regions of SAMs as large as 2 square centimeters were
patterned by exposure to a beam of metastable argon atoms. These observations
suggest that this system may be useful in new forms of micro- and nanolithography.

A new method of microlithography has
been developed that uses a beam of neutral
inert gas atoms in metastable excited
states to pattern self-assembled monolay-
ers (SAMs) of alkanethiolates on gold (1-
3). Lithography with neutral metastable
atoms has several advantages. Unlike
techniques that use beams of electrons or
jons, there are no electrostatic interac-
tions within a neutral beam that limit
focusing or flux density, either in a single
beam or in a parallel array of beams. Be-
cause of their short (<0.01 nm) deBroglie
wavelength, thermal beams of neutral at-
oms can in principle be focused (4) to a
spot that is limited by the size of the atom.
In contrast to photolithography, where
practical problems with optics and diffrac-
tion limit the resolution to ~100 nm, it is
possible to create and manipulate (4)
beams of neutral atoms with de Broglie
wavelengths <0.01 nm. For these beams,
the effects of diffraction will be very small,
even for lithography through masks with
10-nm scale features.

SAMs on gold and silicon have been
used as resists in a number of types of li-
thography (5, 6). Their thinness (typically
<2 nm) is essential for metastable atom
lithography: interactions between a meta-
stable atom and a substrate are limited to a
surface layer that is probably =<0.5 nm thick
(7), and fluxes of metastable atoms from
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present sources (8, 9) are low (~1 X 10
atoms s~ ! st™!). For exposure of a resist to
take place in a practical period of time, it
must therefore be complete after contact
with a few monolayers of metastable atoms
with the surface.

The ability to damage SAMs with meta-
stable inert gas atoms and to transform this
damage into permanent structures of gold or
other materials such as silicon (10) may be
useful in both lithography and atom optics.
For lithography, light forces could be used
to focus (11) metastable atoms onto a SAM
resist and make possible lithography with-

UL % SAM of DT (~1.5 nm)
Si ™= Ti (1.5 nm)/Au (20 nm)

Gold/SAM substrate exposed
to metastable Ar atoms (®)

Exposure to Ar* damages
SAM in localized region

Etching removes gold in regions where
SAM was damaged

| Further processing (such as etch
‘ with patterned gold as resist)

Fig. 1. Schematic of the experimental procedure.
Dimensions are not to scale. The structure of the
SAM when damaged and at the border of the etch
pit is unknown but is probably disordered.
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out a physical mask. In atom optics (4),
damaging SAMs with neutral atoms may be
useful in high-resolution‘detectors of atom-
ic center-of-mass wave functions. In both
applications, the use of atoms to expose

~SAM:s is conceptually similar to the use of

photons to expose a photographic emulsion,
in that both use chemical development to
achieve amplification of a sensitizing event.

Figure 1 outlines our experimental pro-
cedure. The substrate was a thin film of gold
supported on a titanium-primed silicon wa-
fer (12); this substrate supported a 1.5-nm-
thick SAM (2) of dodecanethiolate [DDT,
CH,(CH,),,SHI. The substrate was exposed
(13) to-a beam of Ar atoms in which less
than 1 in 10* were in either the 4s >P, (80%,
11.5 eV) or 4s 3P, (20%, 11.7 eV) metasta-
ble states (8). This beam was mechanically
collimated to ~1 mrad and shaped spatially
by a triangular aperture to a ~3 mm? area
(larger areas of exposure were possible). The
time of exposure was typically 1 to 4 hours,
although we explored exposure times rang-
ing from 15 min to 36 hours (see below).
After exposure, the pattern of damage in the
SAM was developed into a pattern of gold
with a ferricyanide etch (14).

A diagram of the apparatus used in these
experiments is shown in Fig. 2. The flux of
metastable inert gas atoms was generated
with a dc discharge similar to one described
in detail elsewhere (8). The experiments
used a nominal pressure of 2 X 107¢ Pa;
with the discharge on, the pressure rose to
roughly 3 X 1072 Pa. The collimated meta-
stable beam was directed toward a stainless
steel plate detector. Because of collision-
induced electron emission (15), the meta-
stable flux could be measured by recording
the current on the detector (16), or on the
sample itself, with a picoammeter. The
measured current was typically 1.7 nA; this
value corresponds to an electron emission
rate of ~3 X 10'! events per second per
square centimeter.

We exposed a SAM/gold substrate to the
beam of metastable Ar by using a transmis-
sion electron microscopy (TEM) grid (~10
pm thick; 5-wm-wide lines, Fig. 3, A and B)
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Fig. 2. Schematic of the experimental apparatus.
See text for details.
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as a mask; etching formed gold structures in
the pattern of the grid (Fig. 3, C to E). The
edge resolution (~100 nm, Fig. 3E) of the
gold structures was comparable to that of the
TEM grid (Fig. 3B). This result demonstrates
that SAMs patterned by Ar* can be used for
lithography. It also establishes the upper
bound for the resolution in our experiments.
Gold structures fabricated in this manner
could be used further as resists for anisotropic

etching (5, 10, 17) of silicon (Fig. 3F).
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Fig. 3. Exposing SAMs of dodecanethiol on gold
to a beam of metastable Ar, followed by wet-
chemical etching, produced structures of gold
and silicon with features ranging from 5 pm to
several millimeters. (A and B) Scanning electron
microscopy (SEM) images of a Cu TEM grid used
as a mask (in contact with the surface of the sub-
strate) to form the features in (C) to (E). The image
in (B) shows a smaller region of the TEM grid in (A)
at higher magnification: the sample was tilted to
help visualize the edge resolution of the grid. (C to
E) SEM images of patterned gold structures fab-
ricated with the TEM grid shown in (A) and (B) as a
mask. (F) An SEM image of a fracture profile of
silicon structures fabricated by anistropic etching
using gold microstructures as resists. These gold
microstructures (not shown) were prepared by us-
ing a larger wire grid (~25-pm-wide lines, not
shown) than the grid shown in (A) and (B). The
edge resolution of the silicon structures was com-
parable to the edge resolution of the wire grid.
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Control experiments that deexcited the
metastable atoms (4s 3P2 state) in the beam
established that the damage to the SAM
was due only to metastable atoms (I8).
Irradiation at 764 nm (19) excited Ar at-
oms from the 4s 3P, state to the 4p 'D,
state, which decayed in a rapid cascade to
the ground state of the atom; the 4s °P,
atoms (~80% of the metastable atoms)
were thus quenched. Exposure of a SAM/
gold substrate to an unquenched beam (in-
tegrated flux equivalent to 1.3 X 10'® meta-
stable atoms per square centimeter, or ~28
monolayers) caused sufficient damage so
that etching was complete in the exposed
region after 40 min in the etching solution.
Exposure to a quenched beam for the same
time (integrated flux equivalent to 2.6 X
10" metastable atoms per square centime-
ter, or ~6 monolayers reduced damage to a
level at which the substrate did not show
pitting (above the level expected for unex-
posed DDT SAMs) after a 60-min exposure

764-nm laser light
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920

80 1 -

70 1 5

50 - -

Reflectance (%)
3

40 | s

0 2 3 3 8 10
Position (mm)

Fig. 4. (A) A beam of 764-nm light (dotted circle in
diagram) quenched Ar* to Ar where it intersected
the beam of metastables. Exposing a SAM/gold
substrate to a ‘“‘spatially quenched”” metastable
beam produced a pattern of damage that reflect-
ed the distribution of the flux of Ar* in the modified
beam. (B) A plot of optical reflectance, (measured
at normal incidence, linearly polarized light at
632.8 nm) versus position on a sample prepared
with a “‘spatially quenched” metastable beam
and etching. Higher reflectance corresponded to
regions of gold not removed by the etch (that is,
where exposure to the quenched beam did not
damage the SAM).
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to the etching solution. These experiments
show that the metastables were the cause of
damage to the SAM in the unquenched
beam (20).

In a different control experiment, a
beam of light with a spatial intensity distri-
bution (1/e? width =2 mm) narrower than
the spatial distribution of the metastables
(~3 cm) was directed transversely through
the beam of metastables a few millimeters
from the substrate (Fig. 4A); the Ar* was
quenched only in the region of intersection.
Exposing a SAM/gold substrate to this par-
tially quenched beam resulted in a pattern of
damage that reflected the spatial distribution
of Ar* in the modified beam (Fig. 4B). This
experiment confirmed that Ar* was the spe-
cies in the metastable beam that damaged
the SAMs. It also showed (at the millimeter
scale) that beams of Ar* that have been
patterned spatially by optical quenching can
be used to pattern SAMs (21).

To correlate the dose (D, ,+) of metasta-
ble Ar delivered to the SAM resist with the
damage to the SAM that resulted from this
exposure, the SAM/gold substrates were ex-
posed to Ar* through a triangular aperture
and etched (14). The time (t,,,) required
to form the pattern in the gold (22) de-
creased with increasing dose (Fig. 5); an
integrated flux equivalent to ~100 mono-
layers of Ar* produced saturating levels of
damage.

In summary, exposure of SAMs of DDT
on gold to metastable Ar atoms sensitizes
them to etching by an aqueous ferricyanide
solution. This method of patterning SAMs
suggests a new approach to lithography by
using neutral metastable atoms as energy
carriers. Because there is ample precedent
that light forces can direct the deposition of
neutral atoms spatially on a surface (11),
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Fig. 5. The time required to form a triangular pattem
in the gold by etching (t,,..), normalized to the time
required to etch unprotected gold (¢ ,, 9 min), versus
the dose of metastable Ar (D,,., expressed in atoms
per square centimeter and as atoms per DDT mole-
cules, or monolayers). See text for details.



and because this work demonstrates
quenching of metastable neutral atoms by
optical pumping in selected regions of space
(Fig. 4), what we describe here is, in prin-
ciple, an “all-optical” method of forming
nanometer-scale patterns.
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Energetics, Patterns of Interaction Strengths,
and Stability in Real Ecosystems

Peter C. de Ruiter,” Anje-Margriet Neutel, John C. Moore

Ecologists have long been studying stability in ecosystems by looking at the structuring
and the strengths of trophic interactions in community foog webs. In a series of real
food webs from native and agricultural soils, the strengths of the interactions were
found to be patterned in a way that is important to ecosystem stability. The patterning
consisted of the simultaneous occurrence of strong ‘‘top down’’ effects at lower trophic
levels and strong ‘“‘bottom up’ effects at higher trophic levels. As the patterning
resulted directly from the energetic organization of the food webs, the results show that
energetics and community structure govern ecosystem stability by imposing stabilizing

patterns of interaction strengths.

The stability of community food webs de-
pends on properties of food web structure,
such as the number of groups (1), the fre-
quency of interactions (I, 2), and the
length of the food chains (3, 4). The
strength with which organisms influence
each other’s population dynamics is also
considered an important factor in the sta-
bility of complex communities. However,
little is known about the way this factor is
manifested in real ecosystems, partly be-
cause of a shortage of empirically based
estimates of the interaction strengths, but
also because of a lack of congruence in the
way interaction strength is defined and
treated in theoretical models versus exper-
imental studies. Theoreticians have defined
interaction strength mathematically as the
elements of the Jacobian “community” ma-
trix (1) and used values based on general
assumptions with respect to the nature of
the organisms rather than on observations
(1-3, 5, 6), whereas empiricists have de-
rived interaction strength from the ob-
served impacts of species manipulations on
food web structure (7—11). Here, we link
the two approaches by deriving values of
the Jacobian matrices from field and labo-
ratory observations for seven food webs
from native and agricultural soils (12) and
by evaluating their importance to ecosys-
tem stability.
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We constructed material flow descrip-
tions of the food webs; a description of one
of the webs is given in Fig. 1. Feeding rates
were calculated from the observed popula-
tion sizes, death rates, and energy conver-
sion efficiencies (13). As expected, the
feeding rates were relatively large at the
lower trophic levels and small at the higher
trophic levels (Fig. 2A). From these food
web energetics, we could estimate the
strengths of the trophic interactions, fol-
lowing the principles of May (1) and using
standard Lotka-Volterra equations (14). In
Fig. 2B, the interaction strengths in one of
the food webs are given as a representative
example (15). A distinction was made be-
tween the per capita effects of predators (j)
on their prey (i) (negative values of aij) and
the per capita effects of prey on their pred-
ators (positive values of OLﬁ). Both types of
per capita effects were patterned along tro-
phic position: the absolute value of the
negative o decreased significantly (P <
0.01) with trophic position, and the posi-
tive o, increased significantly (P < 0.05)
with trophic position.

This kind of interaction strength, how-
ever, does not necessarily refer to the im-
pact of the interaction on the functioning
of the community. Therefore, we separately
established the impacts of the interactions
on food web stability by constructing Jaco-
bian community matrices (1), including the
estimated patterns of interaction strengths,
and analyzed the sensitivity of the stability
of these matrices to variation in the values
of one pair of elements, referring to the
strength of one interaction (16). In this
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