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Abstract. We have demonstrated that a cesium atomic beam
can be used to pattern a gold surface using a self assem-
bling monolayer (SAM) as a resist. A Bum period mesh o
was used as a proximity mask for the atomic beam. Thed= 3mm\ spacer
cesium atoms locally change the wetability of the SAM, e SAM of nonancthiolc —»- 155
which allows a wet etching reagent to remove the under- 2l L m gold 7
lying gold in the exposed regions. An edge resolution of 260 mm silicon wafer —>
better than 100 nm was obtained. The experiment suggest&=2.6 mm

that this method can either be used as a sensitive position AN
detector with nanometer resolution in atom optics, or for -
nanostructuring in a resist technique.

- | Cesium oven
Fig. 1. Scheme of the atomic beam apparatus with an enlarged sketch of
PACS: 07.77.Gx; 42.82.Cr the sample

process, which makes the underlying gold layer susceptible

In a recent series of experiments it has been shown that & the gold etching solution.
neutral atomic beam can be controlled with laser light in  Motivated by these results and discussions with col-
such a way as to grow nanoscale structures on a suitableagues [7], we have investigated the influence of a cesium
substrate [1-4]. In this method, a standing wave light fieldatomic beam in a similar arrangement. The use of an alkali
is used as an immaterial mask. There are two constraintgtomic beam in such a process would be desirable because
which limit this method to a small number of elements: first, light force methods have been extensively studied with alkali
laser light has to be available at the resonance wavelengthtomic beams, and because light sources are abundant.
of the atom, and second, the atoms have to stick to the sub- \We have found that a cesium atomic beam can indeed be
strate and should be chemically stable once they are removagsed to transfer a given mask (a nickel mesh of12n pe-
from the vacuum chamber and exposed to air. Chromiunyiodicity) into a gold layer with a self assembling monolayer
and aluminum with resonance wavelengths near 425 nm angerving as a resist. In the following, we will give details of
308 nm, respectively, have both properties, and focusing hagsur experiment which agree well with the observations of
successfully been demonstrated. Berggren et al. [8].

Recently, beams of metastable helium and argon atoms
have been used in a more traditional lithography technique
[5, 6]. In this method, a thin layer of gold is coated with
a self assembling monolayer of alcanethioles (SAM) and
then exposed to the atomic beam which in these experi-
ments was spatially modulated by a mechanical mask. AfteGample preparation was carried out with an established pro-
exposure to metastable atoms, etching with a standard goldedure used for metastable atomic beam printing [6]. A pol-
etching solution transferred the mask into the gold layer.ished silicon wafer was first coated by evaporation with a
The achieved edge resolution of the transferred pattern at.5 nm chromium layer for improved sticking properties fol-
sub 100 nm scales suggested that this technique could préewed by a 33nm gold layer. Immediately after the evapo-
vide a useful lithography method. Even though all the detailsration, the samples were immersed into a 1 mM solution of
have not yet been clarified, it is assumed that the internahonanethiole C H3(C' H»)sSH) in pure ethanole, inducing
energy of the metastable atoms, which is on the order ofhe formation of a self assembling monolayer on the gold
20 eV, causes damage to the SAM via a Penning ionisatiosurface within 24 hours [9] (Fig. 1).

1 Experimental setup
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et Nt St A N S et Y gold etching solution [14] immediately after exposure and

. - . . . . . l etched for 12 minutes, which is sufficient to totally remove
h an unprotected gold layer. For exposure times longer than 5

minutes a visible modification of the reflectivity of the sur-

. . . . . . . | face could be observed with very high reproducibility after

3 minutes of etching.

EEEEEEN
....-..l 2 Results

For diagnosis of the etched gold surface, the samples were

. . . . . . . | examined using a conventional light microscope, an AFM

and a SEM. The light microscope images show, that the

. . . . . - - l pattern of the nickel mesh is reproduced over the entire re-
gion exposed to the atomic beam. A representative AFM

image (Fig. 3a) shows onex88 um? square transferred into
- . - - . - . | the gold surface with few remaining gold grains at the bot-

Fig. 2. SEM image of the nickel mesh (periodicity 5:m) used as a mask ~ {OM. Fig: ;3b is a three dimenSionf_il image of the gold step
on the silicon surface. While we find edges of 4®0nm

width for single line scans of the AFM tip, the averaged edge

The formation process of alcanethiole monolayers onresolution along I zm borderline is on the order of 60 nm
gold has been extensively studied [12]. In our case thgFig.3c), which is comparable with the deviations of our
monolayer has a thickness of about 1nm and consists ofmask from a perfectly straight mesh. SEM photographs of
4.6 - 10" molecules/crh [13]. For diagnostic purposes the the samples yield an edge resolution of about the same value
contact angle of pure water on the SAM was determined(Fig. 3d). Both methods show an unexpected structuring of
yielding (110+1)° in good agreement with the values given the gold surface, which we believe to be due to residual
by Bain et al. [9]. The large contact angle is a consequence dbackground cesium atoms. In general, as can be seen from
the highly hydrophobic character of the surface which veryFig. 3e, the structure of the mask is reproduced very well. By
efficiently shields the underlying gold surface from a wateranalysing samples exposed to different doses of cesium, we
based etching solution. The prepared samples were mountdtve observed an optimum response with maximum contrast
on a holder and covered by a proximity mask made from aat doses of 3 to 5 monolayers of cesium corresponding to
nickel mesh with 15 ;m period and &m square openings exposure times of 9 14 minutes. At a dose of 3 monolay-
(Fig. 2). To avoid contact between mesh and sample, spacers each nonanethiole chain is hit with 95% probability by
ers of a few microns thickness were placed in between. That least one cesium atom.
assembly then was inserted into a vacuum chamber within We also studied the influence of cesium atoms on the
10 minutes after taking the samples out of the solution oflonger dodecanethiole chain, which was used for the atomic
nonanethiole. beam experiments with metastable helium [6]. We found that

In the double vacuum chamber the samples were exposeal structure could be patterned into this resist as well, but with
to an effusive cesium atomic beam (Fig. 1). Both chamberdarge inhomogeneities across the exposed region, and with
were pumped by oil free turbomolecular pumps and couldonly moderate reproducibility. Furthermore, we have also
be separated by a linear gate valve which also served a®placed the cesium charge with a rubidium charge but have
a shutter for the cesium atomic beam. A base pressure afot found a significant modification of the wetting properties
5.10 "mbar was achieved within one hour after sampleof the SAM.
insertion. Cesium was evaporated from a resistively heated
glass ampoule with a.8@mm diameter opening. A second
aperture of 3mm diameter at a distance of 260 mm was3 Conclusion
used to shape the atomic beam with a collimation ratio of
1 : 90. The atomic flux density at a typical oven tempera-Our results demonstrate that a cesium atomic beam can be
ture of 135 C was determined by absorption spectroscopyused to transfer a stencil mask into a gold layer by using
with a weak probe beam, and with a calibrated CCD cam-a resist of self assembling monolayers. The edge resolution
era through two dimensional fluorescence imaging, yieldingachieved in the process was 60 nm. An interpretation of the
in both cases a flux of 310'? atoms/scn? at the position  physical and chemical processes which change the reactiv-
of the sample. This value is slightly lower than the calcu-ity of the inert thiole surface cannot be derived from the
lated flux density of 9 10'2atoms/scn? and corresponds present work. In contrast to the metastable beam application
to 0.4 monolayers/min with respect to the molecular surfacewhich seems to rely on physical damage, a chemical process
density of the SAM. should be instrumental for this method. One possibility calls

We exposed the samples to the cesium beam for up to 3fbr open defects of the SAM to provide access to the sulfur-
minutes at room temperature. As the sample was removedold bonds at the bottom of the monolayer. This hypothe-
from the vacuum chamber for further processing, a breattsis is supported by investigations indicating that short-chain
test gave a first hint of the spatial change of the wetabil-thioles seem to be more disordered and less densely packed
ity in the exposed region. The sample was immersed in ahan long-chain thioles [9, 10, 11]. This might explain why
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fﬁn I Fig. 3a—e.Images of the exposed and etched samples. Dark regions cor-
& 0L respond to silicon whereas light regions represent remaining gold areas.
I AFM image of one 8x 8um? cell; b three dimensional AFM image of
5| the gold step on the silicon substrategorresponding line profile averaged
| ] along 17 um borderline. An edge resolution of 60 nm is determined by the
0 i 90% to 10% drop of the step heighd; SEM image of the silicon gold
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good results were achieved with nonanethiole, but not with 3. R.W. McGowan, D. M. Giltner, S. A. Le@pt. Lett.20, 2535 (1995)
the longer dodecanethiole. With the demonstrated techniques. U. Drodofsky, M. Drewsen, D. Krogman, G. Schreiber, Ch. Weber, B.
alkali atomic beams could prove useful for nanostructure ﬁ;eégbi:v J. Stuhler, T. Pfau, J. Miynek, JThA3 at CLEO/EQEC '96
preparation: Thg physical regolutlon limit of atomlc.beams . K.K. Begrggren, A. Bard, J.L. Wilbur, J. D. Gillaspy, A.G. Helg, J.J.
1S 1n theAdOmam’ and EStab“Sheq methods of atomic beam McClelland, S.L. Rolston, W.D. Phillips, M. Prentiss, G. M. White-
control and light sources are available. sides,Science269, 1255 (1995)

Aside from the usefulness of the method described for 6. S. Nowak, T. Pfau, J. Mlyneldppl. Phys. B63, 203 (1996)
lithographic applications, it might also fill the need for a two- 7. M. Prentiss and K. K. Berggren, private communication
dimensional detector for alkali atoms in the field of atom 8 K.K.Berggren, R. Younkin, E. Cheung, M. Prentiss, A. Black, G. M.

OptiCS with a resolution of better than 100 nm. Whlte3|de_s, D.C. Ralp_h, CT Black, M. Tinkham, Advanced Materi-
als, submitted for publication, 1996

9. C.D. Bain, E.B. Troughton, Y.-T. Tao, J. Evail, G. M. Whitesides,

AcknowledgementsWe wish to thank G. Scoles, Princeton University, for R.G. NuzzoJ. Am. Chem. Sod11, 321 (1989)

educating us about the chemistry and physics of SAMs. Access to suitabld0- M. D. Porter, T.B. Bright, D. L. Allara, C. E. D. Chidsey, Am. Chem.
microscopes was provided by N.Wermes and K. Maier. H. Greif and M. Soc.109, 3559_ (1987) ) . ]
Tongbhoyai provided the SEM images taken with a LEO electron micro-11. M. Buck, F. Eisert, J. Fischer, M. Grunze, Fager,J. Vac. Sci. Tech-
scope. Financial support of the BMBF, contract No. 13N6636 was much nol. A10, 926 (1992)

appreciated. The charges for our cesium "radiation source” were provided2: A. Ulman, Ultrathin Organic Films, Academic Press (1991)
by CHEMETALL GmbH, Frankfurt a. M. 13. J. Li, K. S. Liang, N. Camillone lll, B. Leung, G. Scolek, Chem.

Phys.102, 5012 (1995)
14. Gold etching solution: 1 MKOH, 0.1 M K,S,03, 0.01 M

K3Fe(CN)g, and 0.001 MK4Fe(C'N)g in aqua dest.
References

1. G.Timp, R. E. Behringer, D. M. Tennant, J. E. Cunnigham, M. Prentiss,
K. K. Berggren,Phys. Rev. Lett69, 1636 (1992)

2. J.J. McClelland, R.E. Scholten, E.C. Palm, R.J. Cel&tience262
887 (1993)



