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Abstract. Atom lithography commonly employs self-assem-
bled monolayers (SAMs) of alkanethiols which act as re-
sists to protect prepared surfaces. Metastable atomic species
such as helium are used to damage the resist, enabling pat-
tern transfer via mask lithography, followed by wet chem-
ical etching. The damage mechanism is, however, not well
understood. Here we report studies of fragmentation of do-
decanethiol (DDT) molecules embedded in helium nano-
droplets that have been irradiated by an electron beam. The
results of the charge-transfer fragmentation process provide
the first experimental data on the damage mechanisms that
occur in the metastable helium/SAM interaction.

PACS: 85.40.Hp; 85.40.Ux; 39.10.+j

Lithography using neutral atomic beams has been success-
fully employed to create nanoscale structures on specially
prepared surfaces [1]. A variety of techniques have been used,
including direct deposition of metal atoms [2, 3], as well as
the exposure of resist-coated substrates to reactive atomic
beams. The latter technique exploits a range of materials for
the resists, including physisorbed hydrocarbons which inter-
act with energetic metastable rare-gas atoms to create a pro-
tective carbonaceous layer (‘contamination’ resists [4–8]).

A more common resist employs self-assembled monolay-
ers (SAMs) of hydrocarbons such as alkanethiols and alkyl-
siloxanes which provide a robust, uniform and extremely thin
(few nm) resist layer. The active head group in each case
(SH andSiOx) chemically bonds to an appropriate substrate
(gold or SiO2), with the hydrocarbon chain oriented away
from the surface in a regular, self-organized two-dimensional
structure. The dangling hydrocarbon chains prevent the depo-
sition of further layers, with the result that damage to a single
molecule creates only a very small footprint on the surface.
The average molecular density of alkanethiols, for example,
is of the order of5×1014 cm−2 [9–11], implying a footprint
of ≈ 0.2 nm2. This makes SAMs suitable for very high reso-
lution lithography, and exposures using electron beam tech-
niques have yielded features sizes< 10 nm[12–15]. In atom

∗Corresponding author. (E-mail: John.Close@anu.edu.au)

lithography, both alkali metal atoms [16–19], and metastable
rare gas atoms [20–23] possessing large internal energies (up
to 20 eV), have been used to damage SAM-coated substrates.

The unexposed SAM is hydrophobic, whereas the hy-
drophilic damaged regions are susceptible to wet chemical
etching. By coating SAM resists onto metal-coated substrates
and damaging the exposed regions through a physical mask,
a replica of the mask shape can be patterned into the metal
surface by the wet chemical etch. The edge resolution of such
techniques is limited mainly by the thickness of the metallic
layer, and has been demonstrated to be as small as30 nm[21],
which greatly exceeds the footprint of an individual SAM
molecule. Further techniques, such as low-pressure plasma
processing [24], can be used to transfer the pattern into the
underlying substrate, yielding high (≈ 20) aspect ratio edge
structures approaching1µm in depth [25].

However, little is known about the interaction between
the atoms and the SAMs that causes the damage process. In
the case of alkali metal atoms incident on alkanethiol SAMs,
one mechanism proposed is the penetration of alkali atoms
through open defects in the monolayer, followed by a chem-
ical interaction at the gold–sulphur bond [16].

For metastable atoms, direct physical damage appears
to be the more likely mechanism. Rare-gas atoms exist in
metastable excited states that have lifetimes ranging from
20 msto≈ 8000 s, and which possess internal energies rang-
ing from8 eV for xenon to20 eVfor helium. This large inter-
nal energy exceeds the bond energies in many of the resists
employed (� 10 eV), and may result in bond scission. The
more energetic metastable species such asHemay also cause
Penning ionization. The electron released in the Penning ion-
ization process may result in further damage of adjacent SAM
molecules, given that the inelastic electron mean free path
is < 1 nm in similar materials [26–28]. The higher Penning
ionization efficiency of the more energetic (20 eV) metastable
He atoms may also explain the order of magnitude lower
dosage rates required (≤ 1 monolayer) compared with (12 eV)
metastable argon [1].

Figure 1 shows a number of possible bond-breaking pro-
cesses. In the top sequence,C–H bond breaking results in
hydrogen radical abstraction. A radical is also created in the
hydrocarbon chain, which may then react with background
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Fig. 1. Possible bond-breaking processes arising from the metastable
He/SAM interaction (X denotes background species). The top sequence re-
sults in less resistance to wet chemical etching (yielding positive contrast
images), whereas the bottom sequence yields a more resistant cross-linked
layer

gas constituents (typically oxygen). The appearance of these
polar groups enhances the wettability of the SAM and hence
its susceptibility to wet chemical etching, resulting in images
with positive contrast. Radical transfer along the chain may
also result in fragmentation of the molecule at the weaker
C–S bond, with subsequent removal of the SAM molecule
from the surface altogether.

Alternatively, C–C bond breaking may occur (lower se-
quence), with the production of carbon chain fragments. Sub-
sequent cross-linking of the dangling bonds may then yield
a carbonaceous film with less wettability and hence bet-
ter resist properties than the original SAM. Consequently,
a negative contrast pattern may result following wet chemical
etching.

Evidence for cross-linking of the hydrocarbon chains has
also been observed in electron beam lithography of SAMs
subsequently processed by reactive ion etching (RIE) [15].
These studies show that at low doses, breaking of theC–H
bond producesH loss leaving aC-rich film. At much higher
doses, further degradation produces fragmentation of the car-
bon chain, which implies that cross-linking of the fragmented
molecules may also be occurring. This results in the forma-
tion of a highly resistant carbonaceous layer, as evidenced by
the observation of a negative contrast pattern following RIE.

Transitions from positive to negative contrast patterns
have been observed for alkanethiol-coated gold surfaces ex-
posed to increasing dosages of metastableHe atoms [22].
However, it is not clear from these experiments whether the
enhanced resist is due to fragmentation and cross-linking
of the SAMs molecules, or is the result of deposition of
a precursor film (for example pump oil) which is catal-
ysed by the metastableHe atoms in a ‘contamination’ resist
process [1, 4].

The present studies aim to examine more closely the
fragmentation of alkanethiol molecules (in particular dode-
canethiol or DDT:CH3[CH2]11SH) in a controlled environ-
ment to better understand the origin of the SAMs damage
process. We have carried out these studies in a molecular
beam. Although the reaction of an isolated molecule may dif-

fer from the reaction of the same molecule in a self-assembled
monolayer, we have performed this experiment to record the
first data on this important system.

1 Experimental concept

An ideal technique for investigating the fragmentation pro-
cess would be to perform a crossed molecular/atomic beam
experiment in which a beam of gas-phase DDT molecules
interacts with a beam of metastableHe atoms. The prod-
ucts of the dissociation process could then be determined
directly using a sensitive mass spectrometer. Unfortunately,
metastableHebeam fluxes are five orders of magnitude lower
than beams of ground state atoms [29]. The low flux, com-
pounded with the low yield obtained from a crossed-beam
experiment, makes it extremely difficult, if not impossible, to
use this technique.

To overcome these problems, we have opted for a closely
related beam experiment providing a readily measurable flux
of molecular ion fragments. Here we embed DDT molecules
in the diffuse, weakly interacting environment of a super-
fluid He nano-droplet [30], and fragment the DDT by charge
transfer from theHe (Fig. 2). The charge-transfer process
is initiated by crossing an electron beam with the DDT/He
droplets, causing ionization of theHe atoms (ionization en-
ergy24.6 eV). Charge transfer within the droplet in turn ion-
izes and fragments the DDT molecules. The energy released
in this process then evaporates the droplet, and enables the
remaining DDT ion fragments to be examined in a mass
spectrometer.

It is important to compare the similarities and differences
between this charge-transfer experiment and the crossed
metastable beam experiment. There are two main issues: first,
the perturbation of the DDT molecule by the nanodroplet en-
vironment, and second, the similarity between theHe ion
interaction and the metastableHe interaction with the DDT
molecule.

It is a valid concern that, in the droplet experiment,
the surrounding superfluidHe may stabilize the embedded
molecule against fragmentation or may significantly alter
the fragmentation channels. The well-characterized proper-
ties of the superfluidHe droplet suggest this is not the case.
First, the He–He binding energy is three orders of mag-
nitude lower than the binding energy per atom in organic
molecules, yielding an essentially non-interacting environ-
ment [31]. Second, the superfluid helium is two orders of
magnitude lower in density, and forms a very low-density,
low-temperature (0.37 K) liquid around the molecule [32].
High-resolution ro-vibrational spectra of organic molecules

e- time of flightscattering chamberskimmercooled 
nozzle

Fig. 2. Schematic diagram of the helium droplet experiment. Helium
droplets produced in an expansion of cold helium gas into vacuum are
doped with SAMs molecules, ionized, mass selected and detected
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embedded inHe droplets are well-described by a free ro-
tor Hamiltonian indicating that the molecules rotate and vi-
brate essentially unhindered in the low-density liquidHe
droplet [31, 33]. Thus theHe environment only weakly per-
turbs the embedded molecule.

The second difference between our experiment and the
metastableHe beam experiment is the mechanism leading to
the fragmentation. In the droplet experiment, fragmentation
of the DDT molecule proceeds via charge transfer fromHe+.
The production ofHe+ in the droplet is an efficient process
in which an electron beam of variable energy impacts the
droplets, ejecting an electron and producing a positive hole
(Fig. 2). The threshold energy for this process is the ioniza-
tion energy ofHe (24.6 eV). The positive hole is attracted to
the embedded molecule via the ion-induced dipole interaction
and ionizes the embedded molecule by charge transfer. As
the ionization energy of the molecule (< 10 eV) is much less
than the ionization energy ofHe, this process is always ener-
getically favorable. On transferring the charge, the difference
between the ionization energy ofHe and that of the embed-
ded molecule is released into the droplet. Since the binding
energy perHe atom is only0.62 meV, this provides sufficient
energy to fragment and evaporate the droplet, allowing mass
selection and detection of the isolated DDT molecular ion
fragments.

By comparison, in the ideal metastableHe experiment,
fragmentation proceeds via interaction of the DDT molecule
with the excited stateHe atom, presumably including Pen-
ning ionization. The two mechanisms are similar in the im-
portant aspect that they both involve highly localized excita-
tions with energies on the order of20 eV, more than double
the ionization energy of the molecule itself. We expect that
the fragmentation results from the charge-transfer experiment
will yield valuable information on the final products of the
DDT/metastableHe interaction.

2 Experimental apparatus

The experimental apparatus is similar to that used in other
fragmentation measurements inHe nanodroplets and is de-
scribed in detail elsewhere [34]. The superfluidHe nano-
droplets are produced in a supersonic expansion of coldHe
gas through a5-µm-diameter nozzle, into vacuum (Fig. 3).
Typical stagnation conditions in the liquid-He-cooled noz-
zle are10 K and20 bar. The average size of the droplets is
20 000 atoms, or 5 nmin radius.

The beam is skimmed and passes through a scattering
chamber containing a fewml of liquid DDT at room tem-
perature. The density of DDT vapor in the cell was reduced
such that a significant number of droplets collided with, and
absorbed, just a single DDT molecule (as measured by the
mass spectrometer). The pick-up of foreign molecules byHe
nano-droplets has been well researched by the group at MPI
in Göttingen and others [35–37].

In the following chamber, an electron gun, operating with
a beam current of2 nA and a beam energy that could be var-
ied up to70 eV, ionized the droplets. The ionization products
were analyzed by a reflection time-of-flight mass spectrom-
eter with a mass resolution of approximately2000.

It is also useful to compare the results of theHe/SAM
molecule interaction with electron beam lithography on
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Fig. 3. Principle of the helium droplet fragmentation process. The helium
droplet is ionized by electron impact and the embedded molecule is in
turn ionized by charge transfer from the helium. Following evaporation of
the droplet, the fragmentation products are mass selected and detected in
a high-resolution time-of-flight mass spectrometer

SAMs coated surfaces [15]. To this end, a separate experi-
ment was performed using the electron gun to ionize gas-
phase (not surrounded by helium) DDT molecules.

3 Results

Figure 4a is the mass spectrum for helium-mediated ioniza-
tion of DDT embedded in a helium droplet. Figure 4b is the
mass spectrum of gas-phase (pure) DDT ionized by direct
electron impact. Both spectra were recorded using a30-eV
electron beam. In the droplet experiment, we observed a clear
but gradual threshold around22 eV– 24 eV. The distribution
of energies from our electron source makes it impossible to
distinguish the threshold at20 eV, corresponding to the pro-
duction of metastables, from that at24.6 eVcorresponding to
ionization of the droplet. As ionization of the droplet is more
efficient, we have assumed this is the dominant process [36].
Above 20 eV, the measured mass spectrum was found to be
independent of electron beam energy. We observed no sig-
nal for electron impact energies below20 eV in stark contrast
to our results on a free beam of DDT, clearly indicating that
our entire signal in the droplet experiment is due to ionization
mediated by helium.

The gas-phase spectrum, measured using direct impact
ionization of a pure DDT molecular beam, was found to be in-
dependent of electron energy for energies between10 eVand
70 eV. Here, we observed a clear but gradual threshold in the
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Fig. 4. Mass spectrometer signal as a function of mass number for (a) the
helium-droplet experiment and (b) the gas-phase experiment



654

signal around10 eVcorresponding to the ionization energy of
the molecule.

In the gas phase experiment (Fig. 4b), the region studied
includes the range from the mass peak of a complete DDT
molecule (202 amu) to the region in which the loss of up to
four CH2 (14 amu) fragments andSH (33 amu) fragmenta-
tion can be detected. The major features of the spectrum occur
around peaks at 202 and169 amu. The main peak at202 amu
is the molecular ion, whereas the peak at203 amuis the mo-
lecular ion with a single13C in the carbon chain. The ratio of
these two peaks is 9: 1, consistent with the natural abundance
of 13C (1.1%) and the length of the carbon chain. The major
contribution (90%) of the peak at204 amuis due to the pres-
ence of the34S isotope, occurring with a natural abundance of
4.4%. The remaining10% of this peak comes from the mo-
lecular ion with two13C atoms in the carbon chain. The small
peak at201 amuis the molecular ion at202 amuless the al-
pha hydrogen. This is a well-known fragmentation channel in
mass spectra recorded using electron impact [38].

The peak at168 amuis the main feature in this part of
the gas-phase mass spectrum and corresponds to the molecu-
lar ion less either32SH2 or the corresponding ion less34SH2.
The peak at169 amuis mainly due to the loss of32SH. Small
contributions also come from the loss of32SH2 from the mo-
lecular ion responsible for the peak at203 amu, and a yet
smaller contribution from the loss of34SH2 from the peak
at 204 amu. The small peak at170 amuarises from the loss
of 32SH from the peak at203 amuwith a contribution from
the peak at204 amuless34SH2. Apart from the small peak
at 201 amu, there is no evidence for the removal of more
than a single hydrogen atom along the chain in the gas-phase
experiment.

In the droplet experiment (Fig. 4a), the series of small
peaks occurring at multiples of4 amuare due to ionized He
droplets. This background must be subtracted from all peaks
occurring at multiples of4 amu. The peaks at 168, 169, 170,
201, 202, 203, and204 amuhave the same origin as those
observed in the gas phase. The dominant peak in this case,
however, is the molecular ionlessone hydrogen. There are
also strong peaks at 199 and200 amucorresponding to the
loss of hydrogen atoms along the carbon chain. These peaks
are not observed in the gas-phase spectrum. A new peak also
occurs at167 amu, corresponding to the loss of32SH2 and
one more hydrogen atom along the carbon chain. The absence
of subsidiary peaks at14-amuintervals indicates that there is
no evidence for the loss ofC-containing fragments in either
spectrum.

The following summarizes the results of these experi-
ments.
1. Electron beam interactions with the gas-phase DDT re-

sulted in singleC–H bond-breaking
2. Both single and multipleC–H bond-breaking occur in the

charge-transfer (droplet) process
3. In both processes breaking of theC–Sbond occurs
4. In neither case is there evidence for breaking of theC–C

bond.

4 Conclusion

These fragmentation results have potential implications for
the interaction of metastable helium atoms with SAMs coated

substrates. The damage processes identified here (breaking
of the C–H and C–S) bonds will increase the polar nature
of the surface and create nano-defects, which in turn will
increase the wettability of the surface and enhance the pen-
etration of wet chemical etchants. This is consistent with
experiments involving the exposure of DDT SAMs to low
(≤ 1 monolayer) dosages of metastable atoms, where positive
contrast images have been created following wet chemical
etching.

The results presented here can also be compared with
studies of SAMs damage processes using electron beam
lithography [15]. The electron beam experiments show ev-
idence forC–H bond-breaking at low fluxes, which results
in positive contrast patterns from wet chemical etching. At
higher fluxes substantialC loss occurs, and a negative con-
trast pattern is produced for reactive ion etching, indicating
that a more resistant layer is produced in the exposed regions.
This implies that extensive cross-linking of the hydrocarbon
chains occurs at high doses, caused by the widespread break-
ing of C–C bonds which then re-form between adjacent dam-
aged molecules.

In the present experiments we see no evidence for
C–C bond-breaking. This suggests that the negative con-
trast images observed in metastable He exposures to DDT
SAMs may not be caused by cross-linking of the DDT
molecules themselves. The negative contrast images that
have been observed might alternatively have resulted from
the interaction of metastableHe atoms with contaminants
on the substrate (such as pump oil), that are then cross-
linked to form more effective resists than the original SAM
layer.
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