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Abstract

Cs atom beams, transversely collimated and cooled, passing through
material masks in the form of arrays of reactive-ion-etched hollow Si pyra-
midal tips and optical masks formed by intense standing light waves write
submicron features on self-assembled monolayers (SAMs). Features with
widths as narrow as 43 + 6 nm and spatial resolution limited only by the
grain boundaries of the substrate have been realized in SAMs of alka-
nethiols. The material masks write two-dimensional arrays of submicron
holes; the optical masks result in parallel lines spaced by half the optical
wavelength. Both types of features are written to the substrate by expo-
sure of the masked SAM to the Cs flux and a subsequent wet chemical
etch. For the arrays of pyramidal tips, acting as passive shadow masks,
the resolution and size of the resultant feature depends on the distance of
the mask array from the SAM, an effect caused by the residual divergence
of the Cs atom beam. The standing wave optical mask acts as an array
of microlenses focusing the atom flux onto the substrate. Atom “pencils”
writing on SAMs have the potential to create arbitrary submicron figures
in massively parallel arrays. The smallest features and highest resolutions
were realized with SAMs grown on smooth, sputtered gold substrates.
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The growth mechanism, application and physico-chemical properties of self-
assembled monolayers (SAMs) of alkanethiol molecules on single-crystal Au
surfaces have been studied by numerous groups [1, 2]. These monolayers self-
assemble spontaneously on solid surfaces by cleavage of the S-H bond and subse-
quent chemisorption to the surface through a covalent Au-S bond. They provide
a well-defined, stable “paper” on which nanoscale atom beams can write.

Over the last ten years, considerable research efforts have been devoted to
developing processes for nanoscale feature definition below the optical diffraction
limit of conventional lithography. The pioneering work of Timp et al. [3, 4] and
McClelland et al. [5] used a standing optical wave to directly write a focused flux
of neutral atoms onto a surface. Although the transverse velocity components
of the atomic beams are optically cooled to mK temperatures, the longitudinal
velocity distribution is left uncooled and defined by the temperature of the
atomic source oven. Since the de Broglie wavelength is of subnanometer order
at conventional atomic beam temperatures, the deposited structure resolution
is not limited by matter-wave diffraction. McClelland deposited lines of Cr as
narrow as 38 nm, spaced by 213 nm. These early studies stimulated several
variants in the field of direct-write neutral atom nanolithography using optical
masks and material masks [6].

An alternative to direct deposit, writing “resists” on substrates in neutral
atom nanolithography provides both high sensitivity and high resolution [7, 8].
The resists that show the best response to neutral atom lithography are those
of self-assembled monolayers (SAMs) of organic molecules. Berggren and co-
workers [9] have demonstrated the modification of the chemical properties of a
thin film made from a self-assembled monolayer (SAM) of organic molecules on
a surface. They used a beam of metastable argon atoms patterned by a ma-
terial mask. Lithography at nanometer scales (< 100 nm) requires resists thin
enough and smooth enough that they yield features with reasonable aspect ratios
between width and depth. Among the many SAM systems that have been in-
vestigated, those made by adsorbing alkanethiols on single-crystal gold surfaces
have been most frequently studied because of their ease of preparation and ex-
cellent stability [10]. SAMs have particular advantages, compared to polymeric
resists, for the fabrication of nanometer scale features. The molecular diameter
of the species in the SAM is small (< 1 nm) and the corresponding films suffi-
ciently thin that they minimize scattering of incident particles or atoms within
the film [9, 11]. To generate useful contrast between exposed and unexposed re-
gions, a sufficient dose of atoms must be provided, but it must not over-expose
to outlying regions. Furthermore, the structure formation is strongly affected
by migration, agglomeration and local interaction of the atoms deposited on the
surface. We have recently clarified the explicit behavior of such properties [12],
and optimized [13] the details of the atom-surface interaction that plays a crucial
role in resist-write atomic nanolithography experiments.

The modification of the SAM on exposure, which is believed to stem from
the Cs attack on the Au-S bond, allows replication of a lithographic material
mask down to submicron dimensions. Such spatial resolution is possible due
to the high density molecular coverage (4 x 10'* em~2) which corresponds to



a small minimum molecular unit area of 4 nm?. Recently, the feature sizes of
patterns written into SAMs through techniques such as scanning near field pho-
tolithography (SNP)[14, 15], dip-pen nanolithography [16] and micro-contact
printing [17, 18] have been shown to be limited by the morphology of the gran-
ular metal surface. We have recently reported [12] that a resolution limit of
~ 20 nm is found when 1-nonanethiol SAMs are adsorbed on sputtered Au sub-
strates. The results indicated that the quality of the Au surface is paramount
in realizing a low defect-density molecular SAM.

In this letter, we report the writing of submicron features patterned onto a
self-assembled monolayer of alkanethiol on a Au substrate, using cold neutral Cs
atom beams. Features were written to the SAM employing both material and
optical masks. The material masks consisted of arrays of pyramidal tips etched
from standard Si wafers. With these masks 230 nm diameter holes regularly
spaced by 25 uym were written into the SAM. The sharpness or spatial gradient
of the holes was limited only by the uniformity of the SAM surface. Employing
optical standing wave masks, we were able to expose lines with a period spacing
of 426 nm and an average width of 43 + 6 nm. By translating the SAM surface
transverse to the atom flux, these masking tools can be used to write massively
parallel figures of arbitrary and periodic form.

Samples were prepared on sputtered Au films which contained predominantly
{111} oriented Au grains and an associated roughness of 1.8 + 0.4 nm. Details
of the Au substrates can be found in Refs. [12, 13]. A self-assembled monolayer
of 1-nonanethiol CH3(CHs)sSH of thickness ~ 1 nm was grown on the surface.
Etching of exposed samples was carried out using an aqueous oxidizing etching
solution. Atomic force microscopy (AFM) and scanning tunnelling microscopy
(STM) characterization was performed with a Veeco Multiprobe Nanoscope IV
and a Pacific Nanotechnologies Nano-R. Further details on sample preparation
and surface morphological analysis can be found elsewhere [12, 13].

By employing the optimizations reported previously [13] for Cs beam expo-
sure of the alkanethiol layer and the etching process, we have been successful
in realizing submicron features using both material masks and optical standing
wave masks. The experiments on material masks were carried out in Toulouse;
the experiments on optical masks in Pisa. The following are brief descriptions
of the set-ups used in these experiments.

Figure 1a shows a schematic diagram of the Toulouse Cs beam used to expose
the SAM through the material masks. A thermal oven source heats a Cs metal
reservoir to 373K; the Cs atomic beam effuses through an output nozzle, a long
narrow tube 36 mm in length, 1.6 mm diameter. Optical molasses [19] cools
the transverse velocity components of the beam, resulting in a “bright” [20] Cs
atom beam, highly collimated to a divergence < 1 mrad along the z direction.
The beam has an average forward velocity of 150 m s~!, a forward flux density
of 10'2 atoms cm ™2 s~! and a residual divergence of < 1 mrad.

The atom lithography apparatus developed in Pisa (Fig. 1b) uses a beam of
cold Cs atoms, produced out of a pyramidal magneto-optical trap (MOT) [21].
In this arrangement both the longitudinal and transverse velocity components
are cooled. This source of cold Cs atoms is able to produce a continuous flux
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Figure 1: Schematic diagram of the two Cs atomic beams. (a) Toulouse beam:
the source is a thermal oven heated about 75 K above ambient temperature. An
effusive beam issuing from the nozzle is collimated by transverse optical molasses
that cools the transverse velocity components. The cross section of the beam is
~ 3 mm, and the residual divergence is ~ 1 mrad. The Cs flux passes through
an array of pyramidal-tip masks (Fig.2) and deposits on the SAM substrate.
(b) Pisa beam: A cloud of cold atoms is formed in a pyramidal magneto-optical
trap (shown in inset) and extracted into the slow Cs beam. The pyramid is
formed by two mirrors and two reflecting prisms, arranged to obtain a square
pyramid, with a 38 x 38 mm? base. The pyramid set-up is enclosed in a 100 mm

diameter cylindrical vacuum chamber.



Atom Beam Property Pisa Toulouse

Flux (atoms s™1) 4 x10° 3 x 10"
Flux Density (atoms s~! cm™2) 3 x 1010 1012
Longitudinal velocity (m s™!) 10 150
Longitudinal velocity spread (m s=1) 1.5 150
Beam Area (mm?) 20 10
Divergence (mrad) 4 1

Table 1: Summary of the properties of the cold cesium beams at Pisa and
Toulouse

of cold Cs when a suitably tuned and arranged laser beam is directed into the
pyramid, so that the configuration of a standard six beam MOT is reproduced.
The atomic beam extracted from the pyramidal MOT source has a flux of 4 x
10° atoms s~ !, a divergence of 26 mrad, a longitudinal velocity of 10 m s~*, and
a longitudinal velocity spread of 1.5 m s~!. The divergence of the atomic beam
is reduced by a further collimation stage [22] based on a standard transverse
optical molasses cooling which results in a beam divergence of ~ 4 mrad. The
properties of the two cold Cs beams are summarized in Table 1.

The Toulouse experiment employed pyramidal tip masks and Pisa used the
optical standing wave. A detailed description of the fabrication process for
the pyramidal tip array masks can be found elsewhere in Ref. [13, 23, 24]. We
show in Fig.2 a scanning electron microscope (SEM) image of a typical mask.
Figure 3 shows AFM images of SAMs exposed for 15 mins through the pyramidal
masks. The apertures used have a diameter of 300 nm. The exposed SAM was
subsequently developed in the water-based etchant according to the procedures
outlined in Ref.[13]. In Fig.3a, the aperture was placed 363 pum above the
SAM surface. The resultant feature exhibits an irregular periphery and has
a maximum diameter of 512 nm. Furthermore, line scans through the etched
feature show the sidewall fractional depth gradient (ratio of normalized height
to width in nm) to be 0.47/20 nm~!. The feature width is ~ 200 nm greater
than the aperture diameter and is caused by the divergence of the transmitted
Cs atomic beam. A residual divergence of ~ Imrad exists within the Cs atomic
beam after the transverse optical molasses collimation stage. Figure 3b shows
the resulting etched feature when the 300 nm aperture was placed 16 pm above
the SAM surface and exposed for 15 minutes. The diameter of the feature
is significantly reduced from that of Fig.3a, with a corresponding fractional
depth gradient of 0.8/20 nm~!. This excellent feature resolution is observed in
the roundness of the etched feature, indicating a uniform Cs flux distribution
emanating from the circular aperture. Pyramidal tips with smaller diameters
were also employed, and Fig. 4 shows an AFM image and associated line scan
of an etched feature after being exposed through a pyramidal mask with an
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Figure 2: (a) A secondary electron microscopy (SEM) image of the pyramidal
tips. Panel (a) shows one of the pyramidal structures with a 300 nm hole in the
apex of the tip. The base of the pyramid, as shown after the wet-etch process,
is 3.5 um on a side. The overall base of the pyramidal structure is 22 pym on
a side. Panel (b) shows a focused ion beam (FIB) milled cross-section of the
pyramidal tip aperture.

Figure 3: AFM image of the etched SAM substrate exposed for 15 minutes to
the Cs atom flux through the pyramidal tip mask. The pyramidal tip is pointed
toward the atomic beam source. The mask aperture is (a) 363 ym and (b) 16 ym
above the SAM surface; the aperture diameter is 300 nm.
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Figure 4: AFM image (left) and measured profile (right) of the etched SAM
substrate exposed for 15 minutes to the Cs atom flux through the pyramidal tip
mask. The pyramidal tip is pointed toward the atomic beam source. The mask
aperture is 16 um above the SAM surface; the aperture diameter is 140 nm. The
fractional depth gradient is measured to be 0.8/20 nm™".

aperture diameter of 140 nm, placed 16 pum above the SAM.

For the Pisa experiments SAM samples were exposed using optical masks.
The basic principle of the light mask operation relies on the occurrence of a
conservative force, known as the optical gradient dipole force Fdip, experienced
by neutral atoms as they traverse the periodic intensity gradients of a standing-
wave electromagnetic field:

Faip = —SA—IVI(F) ) 1)

where T' is the natural line width of the atomic resonance, A is the frequency
detuning of the laser from the atomic resonance, I is the electromagnetic field
intensity, I is the saturation intensity associated with the atomic resonance.
For Cs, I' = 27 x 5.22 MHz and I, = 1.1 mW cm~2.

A direct consequence of Eq.1 is the possibility of focusing atoms with a
one dimensional standing wave, the simplest light mask that can be realized.
By retroreflecting a laser beam propagating along an axis transverse to the
atom beam, the light intensity in the resulting standing wave has a spatially
dependent amplitude proportional to sin?(kz), where k = (27/A\)X is the wave
vector of propagation. If the frequency of the light is tuned slightly to the blue
of the Cs resonance line, the atom flux traversing the standing wave will be
pushed towards the standing wave nodes. The light field behaves as an array
of cylindrical lenses for atoms, spaced by A/2. The parameters of the standing
wave are chosen to produce channelling of the atoms in the standing wave.
Numerical trajectory simulations indicate that this channelling regime produces



the smallest structures, given the residual divergence of the Pisa atom beam.
Experimentally, the optical standing wave is positioned immediately above the
SAM surface, and the laser is tuned 1 GHz to the blue of the Cs D2 resonance
line. To enhance the light intensity in the interaction region, we tightly focus
the laser beam to a waist of 100um parallel to the atom beam axis and adjust
the SAM substrate such that it is positioned on the maximum of the transverse
Gaussian profile of the standing wave. Due to the slow longitudinal velocity of
the Pisa atom beam, we achieve a relatively long interaction time (~ 10us).

Due to the beam segregation, which guides atoms into well defined spatial
regions, there is a local flux enhancement of a factor of 5 according to the
numerical simulations. Thus, minimum exposure time for the nanopatterned
samples is expected to be reduced by a factor 5 compared to nonchanneling
material masks. We chose an exposure time of 2 hours, corresponding to an
estimated dose of 2 Cs atoms per nonanethiol molecule [13]. Subsequent wet-
etching for the optimized time at room temperature ensured writing of the
features into the substrate.

In order to asses the presence of a pattern with the expected periodicity,
we first characterized the samples by diffraction measurements. The periodic
pattern transferred to the gold substrate acts as a diffraction grating for visible
light. The grating period d can be easily derived by varying the illumination
wavelength and measuring the corresponding diffraction angles. By using the

grating diffraction law:
mA

cosV; + costy = rE (2)
m =0, &+, £2, ... being an integer number, A the wavelength of the radiation, ¥;
and ¥, the incident and diffracted angles respectively, the grating period d can
be derived. Samples that show diffraction at the expected angles for different
wavelengths were imaged by AFM. An example is shown in Fig.5. The AFM
analysis of this sample has shown the presence of regions where parallel lines
spaced by 426 nm are present. The inhomogeneity of the measured etch depth
(Fig.5b) arises from nonuniform etching of the gold layer. This nonuniformity
in etch depth or etch rate was not observed in the Toulouse experiments, and
we speculate that the use of a slow Cs flux may result in a reduced Cs-SAM
“damage” rate.

In Fig.6a, we report an AFM image of a single trench. The edges of the
lines follow the grain distribution of the gold film, suggesting that the ultimate
resolution of the technique is limited by the grain size of the gold film. Fig. 6b
shows the line profile of a single trench averaged over 1 pm trench length. The
resulting line width (FWHM) is 45 nm. We have analyzed the width distribution
over the imaged trenches in all the acquired scans. The resulting histogram is
shown in Fig. 6¢c. The line width ranges through 30 to 65 nm, with an average
value of 43 nm.

It is observed that the morphology of the grains in the gold layer has a
strong effect on written feature sizes with the feature edges delineated by the
grain boundaries. Similar observations have also been noted for scanning near-
field photolithography and for dip-pen nanolithography, implying a non-process-
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Figure 5: (a) AFM image of the SAM surface after exposure to a Cs atom flux
passing through a standing wave optical mask. Black dots are etch pits arising
from pinholes in the SAM. (b) Trench line profile from panel (a) showing the
periodic patterning of lines at A = 426 nm.

dependent resolution limit to alkanethiol/Au based subwavelength lithographic
techniques [14, 15]. However, we have recently shown that even on a perfect
single crystal Au surface, the resolution is limited to ~20 nm due to inho-
mogeneities in the self-assembly mechanism of methyl-terminated alkanethiols,
specifically on {111} oriented surfaces [12].

Thus, submicron sized lines and holes have successfully been written to alka-
nethiol monolayers adsorbed on Au surfaces with excellent edge resolution by
Cs-beam-mediated atomic nanolithography. Features have been written using
novel material masks as well as optical standing wave masks. For the pyrami-
dal tip masks, studies into write speed vs. clogging rate are in progress, while
for the optical masks the role played by the atom beam longitudinal velocity
on the SAM damage rate must be investigated. These technologies may find
application in atoms-on-demand deposition, precision doping, and nanoscale
lithography using mask arrays to write many arbitrary figures in parallel.
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knowledges the financial support provided through the European Community’s
Human Potential Programme under contract HPRN-CT-2002-00304. We are
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Figure 6: (a) AFM image of a single line obtained with a sputtered gold sub-
strate, 30 nm thick. (b) Profile analysis of a single line, summed over 1 pm line
length. (c) Histogram of the line widths. The average line width is 43 nm.
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